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Nothing in the world can take the place of persistence.
Talent will not;
nothing is more common than unsuccessful men with great talent.
Genius will not;
unrewarded genius is almost a proverb.
Education will not;
the world is full of educated derelicts.
Persistence, determination alone are omnipotent.
Calvin Coolidge (1872-1933)
30th President of the United States
I, Benjamin Dueck, con￿rm that the work presented in this thesis is my own.
Where information has been derived from other sources, I con￿rm that this has been
indicated in the thesis.Abstract
Microcantilevers have now been used successfully for over a decade. New assays
are being developed and tested continuously but the technique has not arrived in
hospitals and surgeries yet. The main obstacle was that a robust and reliable readout
system which does not need intricate alignment before each measurement was not
available. Therefore cantilever devices have only been used in university laboratories.
The aim of the research presented in this thesis is to provide a di￿ractive optical
readout for cantilever bending that is rapid, robust and easy to use.
The di￿ractive readout discovered during my PhD involves a laser illuminating
the entire cantilever and additionally parts of the chip base to which it is attached.
The laser light di￿racted from the cantilever contains information that allows a
distinction to be made between tilting and bending of the cantilever. Additionally,
measurements of the absolute tilting and bending can be performed and the time
needed for aligning the cantilever chip in the laser beam is reduced to a minimum.
This thesis describes the tools used to develop the di￿ractive readout and pre-
sents experimental results. First, a simulation was programmed to predict results
and optimise experimental conditions. Second, an experimental setup was built from
scratch and a new ￿ow cell designed which was needed for transmission mode expe-
riments. Third, test experiments in air were performed using a transmissive and a
re￿ective di￿raction approach. Fourth and ￿nally, the applicability of the di￿ractive
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readout was shown by demonstrating that the binding of the antibiotic vancomycin
to a glycopeptide could be measured successfully.
I hope that the invention presented in this thesis will help to commercialise the
cantilever setup and make it attractive for the use in hospital and surgeries speeding
up diagnostic steps from days down to a few minutes.
This thesis lays the cornerstone of the discovered, patented and tested optical
di￿ractive readout technique for cantilever based biosensors. Optimisation of the
experiment, being very important and essential, has to be focused on in the future
and is not dealt with in detail in here.Acknowledgement
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Introduction
Being able to predict the events happening in the future has always been seen as a
big advantage. Knowing, for example, the weather or share prices in advance puts
us in the fortunate position not to be left out in the rain. But the most important
treasure for most people is to have good health. In order to stay ￿t it is crucial that
health can be monitored e￿ectively and diseases be diagnosed as early as possible.
The most prominent techniques used in clinics or centralised laboratories to detect
bacteria or viruses are the polymerase chain reaction (PCR) and variations of it
as well as enzyme-linked immunosorbent assay (ELISA). PCR was developed by
Kary Mullis in the 1980s as a technique to make millions of copies of fragments of
deoxyribonucleic acid (DNA) in a few hours and can therefore detect the presence
of DNA coming from a virus or bacteria [2, 3, 4]. ELISA assays were developed
independently and simultaneously by the group of Peter Perlmann and Eva Engvall
at Stockholm University in Sweden [5], by the group of Anton Schuurs and Bauke van
Weemen in the Netherlands [6], and by the group of Avrameas at the Pasteur Institute
in France [7, 8, 9]. These techniques have been used successfully in the last years and
a variety of di￿erent tests have been developed since then. However these methods
involve sample ampli￿cation and labelling with ￿uorescent or radioactive tags, which
involves multiple reagents, reaction steps and trained technicians meaning that it is
time consuming and expensive. Labelling a molecule of interest may also perturb
the results by altering the delicate conformation of a biomolecule.
14CHAPTER 1. INTRODUCTION 15
Label-free detection methods have been developed in the last decades and accor-
ding to Comley their future never looked brighter [10]. Label-free methods o￿er the
advantage that biomolecules can be rapidly detected in a single step reaction with
no additional reagents or steps thereby reducing the time and cost of an assay. This
thesis presents a di￿ractive optical readout for label-free biosensors which are based
on cantilevers.
1.1 Cantilever Sensors
The invention of the atomic force microscope (AFM) by Binnig, Quate and Gerber
[11] more than 20 years ago was a signi￿cant driver for the research on microcan-
tilevers as sensors. The term ￿cantilever￿ as it will be used here designates a ￿at
beam that is clamped or supported at only one end. Though the shape is mostly
rectangular and di￿ering in length, width and thickness, there also exist triangular
structures, T-structures and many more (see Fig. 1.1). The thickness is usually very
small compared to the length or width, giving the cantilever a high surface-to-volume
ratio.
It was found that instead of just scanning surfaces, cantilevers could be used to
sense chemical and biological reactions by tailoring cantilevers with speci￿c capture
coatings and then exposing them to di￿erent analytes in gas or solution phase (see
Fig. 1.2b). Then, their bending is not caused by the interaction of a tip with a surface
100 µm 20 µm
A B C
Figure 1.1: (A) Shows the cantilevers used in our group [12] (B) Triangular cantilever
modi￿ed by FIB [13] (C) Interdigitated cantilevers for interferometric readout [14]CHAPTER 1. INTRODUCTION 16
but by processes taking place on the surface of the cantilever itself as described above.
These processes change the surface stress and cause the cantilever to bend.
Bending of the cantilever that occurs due to surface stress changes in a biologically
relevant sensing application is typically in the range of a 1 nm to 1 m. These minute
changes, invisible to the naked eye, have to be measured with appropriate readout
systems. A variety of di￿erent ways to read out cantilever bending are described
in this chapter as well as the di￿ractive read-out technique which was developed
and patented [15] during my PhD. A Reprint of the patent can be found in the
Appendix A.
1.1.1 Advantage of Cantilever Biosensors
The advantage of microcantilever biosensors over PCR and ELISA is, that it is a label
free detection technique [16] which reduces the preparatory steps before the actual
detection takes place. This decreases the overall time needed for detection, minimises
the risk of contaminating precious samples and reduces the interference from the
labels during the detection step. Another advantage of microcantilevers is, that
they can be fabricated using existing conventional low-cost silicon microfabrication
techniques [17, 18] developed for microchip production. These methods can also be
used to fabricate arrays consisting of more than thousand microcantilevers [19, 20].
Cantilever sensors have a very high sensitivity [21]. Recently, our group has
achieved a sensitivity in the picomolar range (data not published yet). Speci￿city
is accomplished by using reference cantilevers coated with non-speci￿c ligands and
acquiring di￿erential measurements. This controls for non speci￿c e￿ects including
changes in temperature, refractive index, reactions occurring on the underside of the
cantilever or non-speci￿c binding..
Another advantage of microcantilevers over other label-free techniques, such as
surface plasmon resonance [22, 23] or quartz crystal microbalance [24] is that the
strain which it measures is more biochemical relevant than a change in mass or
dielectric constant, because the strain gives insight into in-plane forces of the ad-CHAPTER 1. INTRODUCTION 17
sorbed molecules. These insights might further the understanding of the mechanics
underlying the measured reaction.
Therefore, using the label free microcantilever technique for disease diagnosis
can improve the quality and quantity of the tests. It could also be used as a plat-
form for handheld point of care (POC) devices [25] needing no or very little sample
preparation, suitable to be used by non-specialists and in remote areas.
1.1.2 Di￿erent modes of measurement
Cantilever biosensors can be used in static mode [26, 27] or dynamic mode [28, 29, 30],
in air, vacuum, or liquid environment. In static mode a change in the de￿ection z of
the cantilever is measured and in dynamic mode a change in its resonance frequency
f. Both modes should be seen as complementary rather than competitive because
they give access to di￿erent quantities. Static and dynamic mode measurements can
even be performed simultaneously [31].
Valuable reviews on cantilevers have been presented by Lavrik et al. [13], Ziegler
[32], Waggoner et al. [33], Carrascosa et al. [34], and Goeders et al. [35].
Two examples for static mode and one example for dynamic mode measurements
are discussed in the following.
1.1.2.1 Temperature measurements
In static mode cantilever sensors are very sensitive tools to measure temperature
changes. If a cantilever is coated with a metal layer and the thermal expansion coef-
￿cients of the cantilever and the layer di￿er then a change in temperature will cause
a de￿ection z of the cantilever (see Fig. 1.2a). Timoshenko has reported a theore-
tical evaluation of the radius of curvature of a bimaterial cantilever as a function of
a temperature change T. Using the length l of the cantilever and substituting the
radius of curvature with the de￿ection z yields the following equation [36]:
z (T) = C
3l2
t1 + t2
(1   2)TCHAPTER 1. INTRODUCTION 18
∆z
a  temperature change
heat
static mode
c  mass change
added mass
dynamic mode
∆f
∆z
b  stress change
binding site
molecule
interactions
static mode
Figure 1.2: Di￿erent modes of cantilever measurements. a) Due to the di￿erent
thermal expansion coe￿cients of the cantilever (grey) and the surface coating (black)
the cantilever bends when a temperature change occurs. z is the de￿ection of the
free end of the cantilever. b) The cantilever surface is coated with a layer that
contains binding sites for speci￿c molecules. Upon binding of molecules, the surface
stress changes and bending of the cantilever occurs. The change in surface stress can
be caused by the binding process itself and additionally by interactions of the bound
molecules like electrostatic attraction or repulsion. c) A cantilever is oscillated at its
resonant frequency. Adsorption of mass to it leads to a change in resonant frequency
f.
with C =

1 + t1
t2
2
3

1 + t1
t2
2
+

1 + t1E1
t2E2

t2
1
t2
2
+ t2E2
t1E1

t1 and t2 is the thickness, E1 and E2 the Young’s modulus, and 1 and 2 the
thermal expansion coe￿cient of the cantilever and the coating, respectively. More
recent modi￿cations of the equation above can be found in [37, 38].
Among others, Gimzewski et al. have used the cantilever as a calorimeter and
reported a sensitivity in temperature changes of 10 5 K at 300 K [26].
1.1.2.2 Surface Stress Measurements
A cantilever, like every ￿nite solid body, has surfaces. Every surface is subject to a
surface stress. From an atomistic point of view the physical origin of surface stress
results from the di￿erences of forces acting on atoms or molecules at the surface to
the forces acting on atoms or molecules inside the bulk of the material [39].CHAPTER 1. INTRODUCTION 19
The surface stress  is tangential to the surface layer and can be calculated by
the Shuttleworth equation [40]:
 =
F
A
+ A
@ (F=A)
@A
F is the surface free energy and A the area of the surface. The surface free energy is
de￿ned as the reversible work per unit area to create a surface and the surface stress
is the reversible work per unit area to stretch a surface elastically [41]. The surface
free energy is always positive, otherwise the solid would fragment. The surface stress
can be positive (tensile) or negative (compressive).
The relation between the radius of curvature R of a cantilever and the di￿erence
of surface stress  between topside (t) and underside (u) is described by
Stoney’s equation [42, 39]:
 = t   u =
1
6
EYoung
1   
t2
R
t is the thickness of the cantilever, EYoung the Young’s modulus and  the Poisson
ratio of the material it is made of.
The radius of curvature R of the bent cantilever is a measure for the surface stress
change  that occurs when molecules adsorb to its surface [43]. This technique has
previously been described as the ￿bending-plate technique￿ [44].
In this thesis the de￿ection z of the cantilever at its free end will be used instead
of the radius of curvature. Therefore, assuming homogeneous bending, Stoney’s
equation leads to
 (z) =
1
3

t
l
2 EYoung
1   
z (1.1)
for a cantilever of length l and thickness t. Stoney’s equation relates the macroscopic
quantity of change in de￿ection z of the cantilever to the microscopic quantity of
change in surface stress . Our groups experiments have shown that the surface
stress is dependent on chemical charges, temperature, elasticity and geometry of the
ligand-receptor complex [45, 46, 12].CHAPTER 1. INTRODUCTION 20
When a cantilever is used as a biosensor just one side of the cantilever is coated
with a receptor layer while the other side is passivated or left uncoated (see Fig. 1.2b).
Now, a reaction occurring only on the side coated with the receptor, and not on the
other side, will result in a change of di￿erential surface stress between both sides,
leading to a bending of the cantilever.
Thus, the cantilever can be used as a transducer converting biochemical reaction
energy into mechanical work. Measurements that rely on the detection of changes in
surface stress are known as static mode measurements.
This mode of measurement has been used successfully to rapidly measure DNA
hybridisation [47, 48, 16, 49] and recognise proteins [50]. In 2001 Wu et al. demons-
trated that microcantilevers can be used for detection of disease-related proteins
under clinically relevant conditions and concentrations [51]. Recently, Ndieyeira et
al. published work on using the cantilever to measure drug target interactions, stu-
dying the binding of antibiotics to an analogue of vancomycin-resistant Enterococcus
(VRE) [12]. These are just a few of the many applications which can be found in
the literature (see reviews mentioned above).
It should be noted here that it is not straightforward to estimate the amplitude
and direction of cantilever bending upon binding of complex molecules given the
complicated dependence of the surface stress on the elastic strain of the cantilever
[52]. As an example, Wu et al. have observed how adsorption of complementary
single-stranded DNA onto the cantilever surface can induce either compressive or
tensile stress [48]. Therefore, a multiscale model for predicting amplitude and direc-
tion of cantilever bending has been developed recently by Sushko et al. to describe
the transduction of simple alkanethiol biochemical reactions into micromechanical
cantilever bending motion [46]. It is also not obvious that the binding of a ligand to
receptors immobilised on the cantilever surface leads to the uniform stress which is
assumed in Stoney’s equation. However, that a uniform stress is generated for the
detection of the binding of antibiotic vancomycin presented in Chapter 5 has been
shown experimentally by Voegtli [53]. His results are also shown in Fig. 1.3.CHAPTER 1. INTRODUCTION 21
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Figure 1.3: Investigation of cantilever curvature upon injection of a 250 M van-
comycin solution. (a) Schematic of a cantilever showing the four di￿erent e￿ective
lengths investigated, which are de￿ned as the distance from the hinge to the centre
of the laser spot on the cantilever. Red circles represent the laser spots. (b) Absolute
cantilever de￿ection for di￿erent e￿ective lengths (symbols) and ￿t of Stoney’s equa-
tion (solid lines). PEG cantilevers are shown in black and grey and DAla cantilevers
in colour. (Adapted from ref. [53])CHAPTER 1. INTRODUCTION 22
1.1.2.3 Mass measurements
The previous two examples showed static mode measurements. Another important
mode of measurement is the dynamic mode which is mentioned here for the sake of
completeness. However, no dynamic mode measurements have been performed with
the optical di￿ractive readout yet.
In dynamic mode the cantilever can be treated as a mechanical oscillator. In ge-
neral the cantilever is excited by a piezo actuator to oscillate at its resonant frequency
f0 which can be approximated by [54]:1
f0 (m) =
1
2
r
k
m0
(1.2)
The resonant frequency depends on the spring constant k which itself depends on
the cantilever dimensions and material. f0 depends also on the mass m0 of the
oscillator. If the cantilever oscillates at f0 and a mass is adsorbed on its surface then
the resonant frequency will decrease. Therefore a shift in frequency f can be used
to measure mass.
Recently Grueter et al. demonstrated that it is also possible to measure mass
and elastics properties of nanometre thick samples [56].
Two examples of this mode of measurement with biological application are the
detection of viruses [57] and the weighing of cells [58].
The optical di￿ractive readout presented in this thesis is tested for static mode
measurements only. The ￿rst experiments to test the optical di￿ractive readout
employed a temperature change to induce bending of the silicon cantilever which
was coated with a titanium and gold layer (see chapter 4). Further experiments
were carried out where the bending of the cantilever was induced by the antibiotic
vancomycin binding to a receptor layer on the cantilever surface (see chapter 5).
1This equation should only be used as a rule of thumb since it does not take into account the
dissipation of the resonator energy. A more accurate calculation has been published by Martin et
al. in reference [55].CHAPTER 1. INTRODUCTION 23
1.2 Readout Systems
The readout system is essential to determine the bending of the cantilever which
contains information about the chemical processes taking place on the coated canti-
lever surface. The following four methods have been used most often:
1. Capacitive readout (e.g. [59, 60])
2. Piezoresistive readout (e.g. [61, 62])
3. Metal￿Oxide￿Semiconductor Field-E￿ect Transistor (MOSFET) readout (e.g.
[63, 64])
4. Optical readout (e.g. [65, 66])
Lavrik et al. include information in their review about the piezoelectric method and
electron tunnelling [13] which will not be discussed in more detail here due to their
infrequent use. The next paragraphs will describe the four readout techniques listed
above.
1.2.1 Capacitive Readout
A capacitor can store energy between two electrodes which are separated by a die-
lectric. The capacitance of energy it can hold depends mainly on the geometry of
the electrodes, their distance d to each other, and the dielectric constant dielectric of
the medium between them. For a simple capacitor with two parallel plates, having a
surface area A each, the capacitance C can be calculated using the following equation
[67]:
C =
dielectricA
d
(1.3)
This simple relation reveals how the capacitance changes when the distance bet-
ween the two electrodes is increased or decreased. How this is exploited for the
cantilever sensors can be seen in Fig. 1.4. One electrode, the counter electrode,
is ￿xed and the cantilever is used as the second electrode. If bending occurs, theCHAPTER 1. INTRODUCTION 24
Figure 1.4: Integrated capacitive cantilever readout used for AFM: (a) carrier, (b)
insulating SiO2, (c) counter electrode, (d) cantilever with tip [68]
cantilever changes its distance to the counter electrode. Therefore, the capacitance
changes which can be measured and displayed.
The sensitivity of the capacitive readout can be expressed as the change of C
with respect to d:
@C
@d
=  
dielectricA
d2 (1.4)
From Eq. 1.4 it is obvious that the sensitivity does strongly depend on d but also on
dielectric and A. A smaller separation between the plates or increasing the surfaces
of the cantilever and the counter electrode will increase the sensitivity.
G￿ddenhenrich et al. have reported a resolution in bending of 10 pm [69].
While the ￿rst is compatible with miniaturisation the latter is not. The main
application for this technique is the detection of gases. For example, Amirola et al.
used a micromachined cantilever for a gas sensing application and were able to detect
volatile organic components (VOC) [60]. The limits of detection were reported as
50 ppm for toluene and 10 ppm for octane. The use in liquid is limited especially
when d becomes very small because of electrical insulation problems.
1.2.2 Piezoresistive Readout
Piezoresistive material changes its electric conductance when exposed to changes
in mechanical stress. Hence, the change in conductance of piezoresistive material
embedded in a cantilever can be used to measure its bending. The size of the signal
depends on the gauge factor GF which in turn depends on material properties andCHAPTER 1. INTRODUCTION 25
Figure 1.5: Schematic drawing and microscope image of AFM probe with integrated
piezoresistive readout. The cantilevers are approximately 50 mm wide, 200 mm long
and 1.5 mm thick [62].
geometry. It is de￿ned as the relative resistance change per unit strain strain [70]:
GF =
R
Ro
1
strain
where R0 is the resistivity of the unstrained material and R the change in resistivity.
Since a higher GF gives better sensitivity, researchers have tried to use di￿erent
materials or doping to increase the GF. Rowe et al. combined silicon and aluminium
and used a special geometry. They report a GF of 843 which is eight times higher
than usually achieved with doped silicon [71].
A typical example of a piezoresistive cantilever can be seen in Fig. 1.5, employing
a Wheatstone bridge which is a very sensitive circuit to detect changes in resistivity.
The detection limit in terms of de￿ection at the free end of the cantilever is around
50 nm for reproducible results [63].
1.2.3 MOSFET Readout
The metal￿oxide￿semiconductor ￿eld-e￿ect transistor (MOSFET) readout relies on
a change in channel mobility due to a change in surface stress as shown in Fig. 1.6.
A ￿xed biased voltage is applied on the gate and source-drain region and every
change in channel mobility will result in a change in drain current. Sheckhawat et
al. achieved a sensitivity of <5 nm [63]. Although the sensitivity is su￿cient for
biological applications there are some drawbacks which are mentioned further down.CHAPTER 1. INTRODUCTION 26
Figure 1.6: Cantilever with MOSFET readout [63].
1.2.4 Optical Readouts
Most existing devices use optics to read out the cantilever bending. These can be
classi￿ed into techniques using geometrical optics and those using interferometric or
di￿ractive optics.
1.2.4.1 The Optical Lever Technique (Geometrical Optics)
The optical lever technique is used in most instruments which need to measure
cantilever de￿ection quickly and reliably. Its attractiveness lies in its simplicity,
consisting of a laser, a re￿ective surface on the cantilever and a photo sensitive
device (PSD) as shown in Fig. 1.7. The laser is re￿ected from the free end of the
cantilever and the position of the re￿ected beam is monitored with a PSD.
The information needed to compute the bending are the distance d between PSD
and cantilever and the length l of the cantilever. A change in the de￿ection z
results in a change of position s of the re￿ected beam on the PSD, because the
law of re￿ection states that the angle of the incoming light beam equals that of the
re￿ected beam. If the de￿ection of the cantilever z is small compared to l, one
can use the small angle approximation sin'  tan'  '. Then the following simple
geometrical relations hold true to calculate z from measuring s:
2' =
s
d
and ' = 2
z
lCHAPTER 1. INTRODUCTION 27
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Figure 1.7: Geometry of optical readout where z is the de￿ection at the free end
of the cantilever, d the distance between cantilever and photo detector, l the length
of the cantilever and ' the opening angle between the ￿at and the bent cantilever.
(Variables are as de￿ned in Fig. 1.7.) This leads to:
z (s) =
l
d
s
4
Geometrical optical measurements have also been extended to measure the whole
cantilever surface pro￿le by either measuring the de￿ection at ￿xed positions with
multiple lasers [72] or scanning the spot across the cantilever [73].
1.2.4.2 Interferometric/Di￿ractive Optics
More recently, the interferometric detection methods were revisited because of their
potential for high-resolution measurements of cantilever bending for small cantilevers
[13]. The ￿rst interferometric cantilever detection was reported by Marting et al.
using a laser heterodyne interferometer [55].
Today, many readouts employ phase shifting interferometry as used by Helm et
al. [74] and Kelling et al. [75]. The principle is shown in Fig. 1.8. One beam of
light is split into two parts, a measuring beam and a reference beam. The reference
beam is re￿ected o￿ a ￿at reference mirror and interferes with the measuring beam
re￿ected o￿ the cantilever surface. If just one wavelength is used, the interferenceCHAPTER 1. INTRODUCTION 28
Figure 1.8: Cantilever readout using phase-shifting interferometry [74]
pattern will show constructive interference where the two beams are in phase and
destructive interference when the beams are shifted by an phase angle of . From
the interferogram the bending pro￿le of the cantilever can be calculated. In the case
of white light, the reference mirror has to be displaced and the resulting changes
in the interference fringe pattern analysed. Using this method Helm et al. resolve
bending below 2 nm with a lateral resolution of 2 m [74].
Some methods to determine the cantilever bending are di￿erent realisations based
on the principle of Fabry-Perot interferometry, e.g. [76, 77, 78, 79]. Other solutions
are based on coupling the light into the cantilever as published by Zinoviev et al.
[80] and Nordstr￿m et al. [81].
1.2.5 Summary of Di￿erent Readout Systems
A whole variety of di￿erent readout techniques have been developed, successfully
mastering di￿erent challenges. A comparison of the resolutions achieved is tabulated
in Table 1.1. It has to be kept in mind that resolution is not the only measure to
evaluate a readout system. The application, as well as the ease of use and costs areCHAPTER 1. INTRODUCTION 29
Method Resolution Reference
Piezoresistive 50 nm [63]
MOSFET 5 nm [63]
Capacitive 10 pm [69]
Optical beam de￿ection 10 pm [26]
Optical interferometry 1 pm [26]
Table 1.1: Typical resolutions for di￿erent readout techniques
factors which are more important when translating a technology into the commercial
arena.
The main need which led to the development of the di￿raction readout presented
in this thesis, is to provide a robust technique which is capable of resolving a 1 nm
de￿ection, is easy to use and does not pose strong limitations on parallelising the
measurement.
The capacitive readout cannot easily be used in liquids due to electrical insulation
problems which occur especially when the distance between the electrodes becomes
very small. Together with the piezoresistive, piezocapacitive and MOSFET readouts
they have the advantage that they can be used in opaque liquids, like blood, which are
inaccessible for optical readouts. The integration of the readout onto the cantilever
chip is an advantage and disadvantage at the same time. It is bene￿cial that external
parts are avoided, but at the same time there are restrictions on scaling down the
size and thickness of the cantilevers. Scaling up the number of cantilevers for these
technique is also costly and problematic since each cantilever requires its own readout
and electrical wiring. Often the cantilever thickness is reduced to enhance sensitivity
to changes in di￿erential stress. But this approach is not possible for the readouts
embedded in the cantilever because it would decrease the resolution of the readout.
Due to their simplicity and their high spatial resolution, optical lever readouts are
commonly used in cantilever applications. It is interesting to note that the optical
lever technique was ￿rst described in 1826 by the founder of the journal "Annalen
der Physik und Chemie" Poggendor￿ [82] before it was used later in 1986 by Meyer
et al. for cantilever measurements in atomic force microscopy [65].CHAPTER 1. INTRODUCTION 30
1.2.6 Objective of the Thesis
Looking at the advantages of cantilever based biosensors mentioned in the last sec-
tions it becomes apparent that these devices o￿er great potential to detect and
monitor diseases. Also they can be used for investigating drug-target interactions.
Bending of the cantilever that occurs due to surface stress changes in a biologically
relevant sensing application is typically in the range of a 1 nm to 1 m. These minute
changes, invisible to the naked eye, have to be measured with an appropriate readout
system. To enable the use of cantilever based biosensors in industrial environment
or hospitals the following properties should be ful￿lled for its readout:
1. The readout should measure de￿ection with a resolution of 1 nm.
2. The readout should be robust, meaning that it is only sensitive to the bending
of the cantilever but not to its tilt or other in￿uences.
3. The readout should be easy to use, meaning that lengthy alignment procedures
are avoided.
4. The readout should be applicable for small cantilevers (<20 m) which exhibit
higher sensitivity.
5. The readout should be usable to easily measure multiple cantilever in order to
increase the throughput or investigate di￿erent reactions simultaneously.
Most readout systems that are currently available meet point one but lack one or
more of the other requirements as will be discussed later. Therefore, the main aim
of this thesis is the presentation of a new di￿ractive optical readout for cantilever
bending which has the potential to meet all the requirements above. A readout based
on di￿raction has the potential to be used for cantilevers which are to small to be
readout by conventional optical lever technique since e￿ects in the di￿raction pattern
are enhanced with decreasing size of the object generating it. Decreasing the size
and thickness of the cantilever increases its sensitivity.CHAPTER 1. INTRODUCTION 31
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Figure 1.9: The two new di￿ractive readout techniques. a) Re￿ection mode measu-
rement b) Transmission mode measurement
Table 1.2 on the following page shows how the di￿erent readouts presented above
perform for each of the ￿ve properties.
1.3 The Novel Di￿ractive Optical Readout Techniques
The conventional optical lever technique uses a laser beam focused to a small spot
shining onto the free end of the cantilever. In order to reduce the error in determining
the bending of the cantilever the spot has to be as small as possible. With the newly
developed di￿ractive optical readout, the major change visible in the experimental
setup is the illumination of the whole cantilever plus parts of the chip base as shown
in Fig. 1.9a. One of the features of this technique is that it can be used to measure
the bending in re￿ection as well as in transmission mode.
The laser beam that is di￿racted from the cantilever and the chip base in re￿ection
or transmission will be recorded with a charge-coupled device (CCD). The CCD is
connected to a computer, and software then analyses the captured di￿raction pattern
and displays the bending. Alignment is made very easy since the beam of the laser
is broader than the cantilever. It is not necessary to place a small focused laser
spot precisely on the cantilever at a point known, as is the case for the optical leverCHAPTER 1. INTRODUCTION 32
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technique. Instead, it is only necessary to place the cantilever somewhere inside the
area illuminated by the laser.
1.4 Di￿raction
Historical Introduction2
Di￿raction was ￿rst observed, described by Grimaldi and published shortly after his
death in 1665 [86]. Eight years later Christian Huygens made a claim based on his
intuition known today as the Huygens’ principle [87, 88]:
￿the future shape of any given wave surface can be determined by
assuming that each point of this surface emits a spherical wave and by
constructing the envelope of all these spherical waves.￿
Later, in 1804 Thomas Young formulated the concept of interference of waves [89, 90]
which was then combined with Huygens claim by Fresnel in 1818. But it took until
1882 for the ideas of Huygens, Young and Fresnel to be expressed mathematically
using the equations describing the behaviour of electromagnetic ￿elds, proposed by
Maxwell in 1860 [84].
Di￿raction has been de￿ned by Arnold Sommerfeld in the following way [88]:
￿Any deviation of light from rectilinear paths that can not be explai-
ned by re￿ection or refraction is called di￿raction.￿
Solving di￿raction problems analytically is only possible for a very small set of cases
which obey a number of boundary conditions, therefore numerical calculations are
needed. Huygens’ principle is predestined for this.
Before going into detail about the simulation in the next chapter, theoretical
background for electromagnetic waves is presented in the following paragraphs which
leads to a mathematical foundation of the Huygens’ principle which was ￿rst worked
out mainly by Kirchho￿ [91] and then re￿ned by Rayleigh and Sommerfeld [92].
2This paragraph is based on accounts in Born [83], Goodman [84], and Priestly found in Appendix
1 of [85]CHAPTER 1. INTRODUCTION 34
1.4.1 Basics of Di￿raction
A laser emits coherent electromagnetic waves with the wavelength . The propaga-
tion of electromagnetic waves in free space with the refractive index n = 1 is described
by the homogeneous wave equations for the electric ￿eld ~ E and the magnetic ￿eld ~ B
@2 ~ E
@t2 = c2r2 ~ E (1.5)
@2 ~ B
@t2 = c2r2 ~ B (1.6)
which can be derived from the Maxwell equations. c is the speed of light and t
represents time. r2 is the Laplacian operator which is de￿ned as
r2 
@2
@x2 +
@2
@y2 +
@2
@z2
Assuming that the wave propagates in a medium which is linear, homogeneous,
and non-dispersive, all components of the electric and magnetic ￿eld obey the same
equation and therefore the behaviour of each component can be represented by one
scalar wave equation which is valid for source free regions:
@2u(x;t)
@t2 = c2@2u(x;t)
@x2 (1.7)
u = u(x;t) is a scalar function which depends on time t and the position in space x
and represents each component of the ~ E or ~ B ￿eld. This scalar second-order partial
di￿erential equation can be further reduced by separating the time dependence using
the following ansatz:
u(x;t) = U(x)exp[ j!t] (1.8)
j =
p
 1 is the imaginary unit and ! the angular frequency. Substituting Eq. 1.8 in
Eq. 1.7 reveals that U (x) must obey the following equation, known as the homoge-
neous Helmholtz equation:
 
r2 + k2
U = 0 (1.9)CHAPTER 1. INTRODUCTION 35
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Figure 1.10: Point source illumination of a plane screen [84]
k is the wavenumber de￿ned through the wavelength  or the angular frequency !
and the speed of light c:
k =
2

=
!
c
1.4.2 Rayleigh-Sommerfeld Solution
The Helmholtz equation (Eq. 1.9) can only be solved for very speci￿c cases. One of
them is the aperture in a plane screen shown in Fig. 1.10. Rayleigh and Sommerfeld
have been able to provide an analytical solution for this case [84]:
U (P0) =
1
j


U (P1)
exp(jkr01)
r01
cosds (1.10)
Looking at Fig. 1.10,  is the angle between the vectors ~ n and ~ r01, r01 is the distance
between the points P0 and P1,  is the area of the aperture, U (P1) is the ￿eld at
point P1 from the incoming wave from P2 and U (P0) the ￿eld at P0.
Examining the Rayleigh-Sommerfeld solution (Eq. 1.10) one can recognise the
assumptions made by Huygens, Young, and Fresnel based on their intuition: (1) d s
represent in￿nitesimal small points at the aperture. (2) exp(jkr01)=r01 describes the
spherical wavelets emitted from each ds and (3)
 
 is the mathematical expression
for constructing the wave at P0 from the interference of all point sources ds located
at the aperture . Despite lacking the mathematical tools, the agreement of the
Rayleigh-Sommerfeld solution with the assumptions of Huygens, Young and Fresnel
is astonishing.CHAPTER 1. INTRODUCTION 36
1.5 Di￿raction Pattern - Examples
1.5.1 The Double-Slit Experiment
The double-slit experiment (see Fig. 1.11a) which is a modi￿ed version of the Young’s
experiment [93] depicts the generation of a di￿raction pattern. The aperture a is
illuminated by a monochromatic plane wave having the wavelength . The slits or
holes S1 and S2 act as in-phase coherent emitters. For a point P on o the optical
path length di￿erence for S1 and S2 is S1P  S2P = r2  r1 which is approximately
equal to S1A = asin for large aperture to screen distance s. In case S1A is a
multiple of  an intensity maximum is produced by constructive interference. It
follows, that interference maxima can be observed if
sin =
n
a
holds true for n = 0;1;2;::: The intensity distribution on the screen o is shown in
Fig. 1.11b.
1.5.2 Di￿raction Grating
An aperture containing more than two holes or slits is a di￿raction grating. Now, the
intensity at a point on a screen at a distance from the grating is determined from the
superposition of all the waves that penetrate through the holes in the aperture. To
describe the emerging intensity pattern on the screen one can make use of the well
known di￿raction grating equation. Using the notation in Fig. 1.12 , the intensity
as a function of the angle is described by [94]:
I () = I0 sinc2

sinN
sin
2
(1.11)
with  
kb
2
sin  
ka
2
sin
I and I0 are intensities, k is the wave number, N the number of slits, b the slit
width, a the spacing between the slits,  is de￿ned as in Fig. 1.12 and sinc  sinu=u.CHAPTER 1. INTRODUCTION 37
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Figure 1.11: a) The aperture a is illuminated by a monochromatic plane wave with
wavelength . At the slits S1 and S2 spherical waves are emitted having the same
initial phase. Both waves travel to the screen o at distance s. The intensity at a
point P can be determined from the superposition of both waves. At P1 not to far
from the central axis, the phase of the waves from S1 and S2 di￿er by r1   r2 
S1A due to the di￿erent distances travelled. In case S1A is a multiple of  than
constructive interference produces an intensity maximum. Destructive interference
occurs for S1A = 
 
n + 1
2

with n = 0;1;2;::: Partial interference occurs if none
of both cases exists. b) Shows the intensity of the interference pattern on o. It
can be observed that the spacing between the maxima increases if a decreases or 
increases. (Figures are adapted from [93]).CHAPTER 1. INTRODUCTION 38
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Figure 1.12: Di￿raction grating (adapted from [93])
Eq. 1.11 is only valid for the Fraunhofer region also called the far ￿eld, i.e. at
distances > N2a2 1 [94]. Intensity distributions of di￿raction patterns in the far
￿eld, like the case of the di￿raction grating here, can also be calculated by formulating
an aperture function that represents the di￿raction grating and then compute the
Fourier transform of it.
Choosing a = 15m, b = 2m, N = 6 produces a di￿raction pattern on o as
shown in Fig. 1.13. The large peaks that can be seen in the di￿raction pattern are
the Bragg peaks. Their spacing stands in reciprocal relation to the spacing of the
slits a in the di￿raction grating. Therefore, the di￿raction pattern is an image of the
di￿raction grating in reciprocal space. The small peaks between the Bragg peaks are
called Fraunhofer fringes. They are a direct results of the ￿nite size of the di￿raction
grating or in other words the number of the slits N. If N increases, the number of
the Fraunhofer fringes between two Bragg peaks will increase but their intensity will
decrease until they eventually disappear for N ! 1. Increasing N will also decrease
the width of the Bragg peaks and for N ! 1 they will approach an array of Dirac’s
-function, also known as the impulse function.CHAPTER 1. INTRODUCTION 39
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Figure 1.13: Intensity of di￿raction pattern in the far ￿eld on the screen o for N = 6
slits, having a width of b = 2m and a spacing of a = 15m. The large peaks are
called the Bragg peaks. The small peaks are the called the Fraunhofer fringes.
1.5.3 The Cantilever Solution for Numeric Computation
Fig. 1.14 shows a schematic of the scene to be simulated. The main parts to be
included in the simulation are the laser beam, the cantilever and the CCD. Calcu-
lating a di￿raction pattern generated by a cantilever is more complicated than from
an aperture in a plane screen as above and there have been no analytical solutions
published so far.3 Therefore the di￿raction pattern has to be computed numerically
based on the assumption that the re￿ecting/transmitting parts of the cantilever chip
will be thought of as a series of small point sources that emit spherical wavelets
(according to the Huygens principle) whose phases are determined by the incoming
laser beam. Fig. 1.14c zooms in on the cantilever showing the point sources it is re-
presented by. The spacing between them has been chosen to be PS  100nm which
is well below the wavelength of the laser  = 632:8nm: It was found that a further
decrease of PS would not change the results signi￿cantly but increase computational
costs massively. The electric ￿eld Em of the di￿raction pattern at a pixel m of the
CCD is calculated by summing the contribution of all i spherical wavelets:
Em =
X
i
Ui
dim
exp[ jkim] (1.12)
3An example of curved gratings is known as the Rowland circle (ref. [95] pp. 412)which is very
instructing but not readily applicable here.CHAPTER 1. INTRODUCTION 40
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Figure 1.14: Schematic of simulation. (a) Laser beam and CCD in the coordinate
system of the simulation. (b) Zoom in on the origin of the coordinate system showing
the cantilever, extended chip base (feature of the IBM chips used) and a part of the
chip base. (c) A blow-up view on the cantilever showing the point sources by which
it is represented by in the simulation.CHAPTER 1. INTRODUCTION 41
where dim is the distance between point source i and CCD-pixel m accounting for
the decay of the intensity of ￿eld, j =
p
 1, k is the wavenumber and im is the
phase at the CCD-pixel m of the wave emitted from point source i. The real part
of Ui represents either the re￿ectivity or transmittance at i and the imaginary part
represents the emitting phase of the pointsource i which depends on its position in
the incident laser beam. Once the electrical ￿eld at pixel m is known, the intensity
Im can be calculated by multiplying Em with its complex conjugate value:
Im = EmE
m (1.13)
1.5.4 Di￿raction Pattern from Cantilever
The cantilever itself also acts as a di￿racting object. It is helpful to use the geo-
metrical theory of di￿raction developed by Keller [96] which states that di￿racted
waves are caused by edges. The di￿raction pattern then is constructed by using
geometrical optics and adding the e￿ect of the di￿racted waves.
Plane waves of monochromatic coherent light are incident on the cantilever
(Fig. 1.15a). For the non-patterned cantilever the transmittance of di￿erent parts
are shown in Fig. 1.15b (black line). For the chip body the transmission coe￿cient is
zero, meaning that no light is transmitted through it. The extended chip base trans-
mits 3% of the incident light and the cantilever 19% (see Sec. 3.5.1.3 on page 81).
Therefore, the edges in the incident beam are at the position P0; P1 and P2. For
reasons of clarity only the waves from P1 and P2 are shown in the ￿gure. As in
the cases before, the intensity at the point PCCD is the superposition of the waves
coming from P0;P1 and P2 and depends on the optical path length di￿erences of the
three waves. Therefore, the periodicity of the intensity maxima in the di￿raction
pattern depends mainly on the length of the cantilever and is in￿uenced to a small
extend by the extended chip base.
Engraving a di￿raction pattern on the cantilever will change the transmission
function at the positions where material was milled away. The changes of the realCHAPTER 1. INTRODUCTION 42
part of the transmission function due to the di￿raction pattern are indicated by the
blue line in Fig. 1.15b. Now, the intensity at the point PCCD will be dominated
by the superposition of all the waves transmitted through grooves of the di￿raction
grating.
One example of a di￿raction pattern generated by a patterned cantilever is shown
in Fig. 1.16. The di￿raction pattern engraved in the cantilever consists of 20 grooves
with 1 m width (length 61.3 m) and a spacing of 23.4 m (see Fig. 3.10 on page 84).
The di￿raction pattern at a distance of approximately 1.5 m was captured with a
digital camera. The Bragg peaks and Fraunhofer fringes described earlier can be
seen.
A di￿raction pattern captured with a CCD is always 2-dimensional (2D). In this
thesis only a 1-dimensional (1D) di￿raction pattern will be computed in the simu-
lation and the results from experiments will also be presented in 1D form for direct
comparison. The 2D patterns are captured with the CCD but only the intensity pro-
￿le at maximum intensity parallel to the long axis of the cantilever will be analysed
(see Fig. 1.16). Therefore, if not mentioned otherwise, all di￿raction pattern referred
to in this thesis are 1D although, of course, there are tremendous opportunities that
follow from the exploitation of full 2D patterns.
More examples of di￿raction grating produced by non-patterned and patterned
cantilever can be found in the chapter 2 on page 45.
1.5.5 Overview of Thesis
The structure of this thesis is the following. Chapter 2 describes and explains how
to use the simulation written in MatLab which was employed to optimise the optical
di￿ractive read out. Chapter 3 presents the experimental setup and procedures. In
Chapter 4 experimental results are shown comparing the conventional optical lever
technique to the di￿ractive optical readout in transmission and re￿ection. Chapter 5
shows the a study of drug-target interaction involving the antibiotic vancomycin.
Finally, chapter 6 contains a conclusion mentioning the di￿erent tasks which need toCHAPTER 1. INTRODUCTION 43
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Figure 1.15: This example shows (a) the illumination of the cantilever with a coherent
plane wave. (For clarity only the waves from P1 and P2 are shown in the ￿gure.)
Therefore the phase of the incoming wave is equal at points P1 and P2 (and Po). The
intensity at a pixel PCCD will be determined by the di￿erence in optical path length
of the waves coming from P1 and P2. The black line in (b) shows the real part of the
transmission function U (x) for a non-patterned cantilever. Engraving a di￿raction
grating into the cantilever changes the function as indicated by the blue lines.CHAPTER 1. INTRODUCTION 44
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Figure 1.16: (a) 2-dimensional di￿raction pattern of the patterned cantilever shown
in Fig. 3.10 on page 84 recorded with a CCD. (b) 1-dimensional di￿raction pattern
representing the intensity pro￿le along the dashed yellow line in (a).
be performed to further optimise the readout. The thesis ￿nishes with a vision on
how the readout could be applied and further developed (section 6.3).2
Simulation
The objective in programming a simulation is to be in the position to estimate the
outcome of experiments before actually performing them. It can be very helpful for
further optimisation of the parameters of the experiment. The task of the simulation
is to compute di￿raction patterns of cantilevers with di￿erent de￿ections and optical
surface properties. An overview of all parts to be simulated is shown in Fig. 2.1.
The simulation has already been mentioned brie￿y in the previous chapter sho-
wing the schematic of the scene to be simulated (Fig. 1.14) and introducing the two
equations at the heart of the numerical calculation (Eq. 1.12 and 1.13).
To keep the simulation ￿exible it was split into modules which can be easily
customised. New modules can also be integrated. This chapter describes the modules
of the simulation and how they are used.
It should be noted here, that the in￿uence of a change in the refractive index in
the pathway of the laser has not been studied so far, because measurements involved
either no liquids or liquids with similar refractive indices only.
2.1 The Implementation
Matlab (Version R2008b) was chosen to program the simulation. The assumption is
made that the cantilever is a rectangular beam, bending is homogeneous (z (x) / x2)
and occurs only in one axis. Therefore, the cantilever is treated as an one-dimensional
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object placed in a two-dimensional environment with a coordinate system as descri-
bed in Fig. 1.14a.
2.1.1 Overview of the Modules
A modular approach was chosen to keep the simulation as ￿exible as possible. At
the time of writing the thesis, the simulation consisted of the following ￿les:
simulate.m initialises and executes the simulation.
simulate_Multicore.m must be used to initialise and execute the simulation on
multiple cores of a central processing unit (CPU).
init_Main.m initialises the settings for laser, cantilever and CCD.
init_CCD.m initialises the CCD according to the settings made in init_Main.m.
init_Cantilever.m initialises the cantilever and sets the optical properties.
calc_TiltingCantilever.m calculates the new position of the point sources
resembling the cantilever for a given displacement of its free end caused by
tilting.
calc_BendingCantilever.m calculates the new position of the point sources
resembling the cantilever for a given de￿ection of its free end caused by bending.
calc_InputPhases.m calculates the phase(s) of the wave front of the incoming
laser beam incident on the cantilever.
calc_InputPhasesFromPointSource.m calculates the phase of a wave coming
from a point source.
calc_DiffractionPattern.m computes the di￿raction pattern.
calc_DiffractionPattern_multicore.m calculates the di￿raction pattern using
multiple cores of a CPU.CHAPTER 2. SIMULATION 47
2.1.2 Initialisation
The laser beam, the cantilever, and the charged coupled device (CCD) are simulated.
The settings for each of these three components will be described here. An overview
over the variables to set is found in Fig. 2.1. Further explanations are found in the
corresponding section in this chapter.
Variables in init_Main.m. with capital letters are global variables which can
be accessed from other modules of the source code. The ￿rst variable to be set is
MEASUREMENT_MODE which can be set to reflection or transmission.
2.1.2.1 Laser
The following variables have to be set in the inti_Main.m. Without loss of gene-
rality the incoming laser beam is orthogonal to the ￿at 1D cantilever, shining on top
of it (Fig. 1.14a).
beam_lambda sets the wavelength in metres. It is set to beam_lambda=632.8e-9
to simulate the Helium-Neon laser to be used in the experiment.
BEAM_INTENSITY adjusts the intensity of the laser beam to compare results from
di￿erent simulations.
BEAM_TYPE can be set to collimated, point or line. The ￿rst will simulate
a perfectly collimated wave, the second a point source whose distance will be
calculated by the settings for the beam divergence and the third simulates a
line of point sources.
beam_divergence sets the divergence for the incoming laser beam in radians and
is ignored in case BEAM_TYPE=collimated.
source_length sets the length of the line source (=the laser) in metres.
number_of_pointsources sets the number of point sources that resemble the
line source.CHAPTER 2. SIMULATION 48
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Figure 2.1: Overview over the variables of the simulation. a) Variables for the CCD-
camera are explained in Sec. 2.1.2.3. b) Variables for the laser are explained in
Sec. 2.1.2.1. c) Variables for the cantilever are explained in Sec. 2.1.2.2.CHAPTER 2. SIMULATION 49
ILLUM_SPOTSIZE sets the width of the spot in units of metres at the position of
the ￿at cantilever.
ILLUM_PROFILE can be used to customise the intensity pro￿le of the incoming
laser beam to an arbitrary shape at the position of the ￿at cantilever (z=0),
e.g. a Gaussian intensity pro￿le.
Typical settings for the laser used in the experiment are beam_lambda = 632.8e-9,
beam_divergence = 1e-3, source_length = 1e-3 and
number_of_pointsources = 50.
2.1.2.2 Cantilever and Chip
Variables set in init_Main.m
CANTI_LENGTH sets the length of the cantilever in metres.
CANTI_SEGMENT_NR sets the number of secondary point sources which resemble
the cantilever.
CANTI_TRANSPARENCY sets a default value for the transparency of the cantilever
which can be changed when the optical properties of the cantilevers are set
using the function init_Cantilever but is ignored in case of re￿ection
measurements. Values are between 0 and 1.
CANTI_THICKNESS sets the thickness in units of metres of the cantilever which is
used when simulating in transmission mode and is ignored in case of re￿ection
measurements.
CANTI_BASE_LENGTH this is a part of the chip that can additionally be illumina-
ted. The length is set in units of metres. By default this part of the chip does
not bend when the bending pro￿le of the cantilever is changed. However, it
can be set to tilt, when the tilt of the cantilever is changed in order to simulate
a rotation of the whole cantilever chip.CHAPTER 2. SIMULATION 50
CANTI_BASE_THICKNESS sets the thickness in units of metres of the extended
cantilever base which is used when simulating in transmission mode and is
ignored in case of re￿ection measurements.
CANTI_BASE_TRANSPARENCY sets the transparency for the cantilever chip base.
In the case of the IBM chip I have been using during the experiments, the
extended base is partially transparent and does in￿uence the di￿raction pattern
when MEASUREMENT_MODE=’transmission’. It will be ignored in the case
of re￿ection mode measurement. Values are between 0 and 1.
The optical properties of the cantilever surface like re￿ective patterns are set using
the function: init_Cantilever. To simulate the in￿uence of bending or tilting
of the cantilever the functions calc_TiltingCantilever and
calc_BendingCantilever have to be used, respectively.
Typical values used are CANTI_LENGTH = 500e-6, CANTI_SEGMENT_NR =
5000 and CANTI_THICKNESS = 1e-6.
Functions that initialise the cantilever surface
init_Cantilever(pattern) This function returns a variable which contains
the optical re￿ective properties of the cantilever and the chip to be simulated.
This variable is needed for the calculation of the di￿raction pattern. The input
variable pattern can be used to set uniform, periodic or arbitrary re￿ective
properties for the cantilever surface. pattern is an array containing at least
one vector of two elements. The ￿rst speci￿es a length in metres and the second
a coe￿cient for the speci￿ed length which represents the re￿ectivity in re￿ection
mode or the transparency in transmission mode.
Below are three di￿erent examples of initialising a cantilever of 500 m length (the
length has to be set in init_Main.m):
￿ A completely homogeneous re￿ecting surface
cantilever = init_Cantilever([500e-6 1]);CHAPTER 2. SIMULATION 51
￿ Alternately re￿ective and non-re￿ective pattern of patches with 10 m and
15 m width, respectively:
cantilever = init_Cantilever([10e-6 1;15e-6 0]).
Here the variable pattern consists of two vectors, the ￿rst representing the
re￿ective part and the second the non-re￿ective part. Since the cantilever
is chosen to be 500 m the pattern will be repeated until the length of the
cantilever is reached and then cut o￿.
￿ An arbitrary pattern with the sequence 100 m - 100% re￿ectivity/25m -
25% re￿ectivity/0.5 m - 0% re￿ectivity/374.5 m - 80% re￿ectivity will be
generated by:
cantilever = init_Cantilever([100e-6 1;25e-6 0.25;
0.5e-6 0;374.5e-6 0.8]).
The variable cantilever which is returned from the function init_Cantilever
is an i  7 array where i is the number of point sources that represent the exten-
ded cantilever base and the cantilever. The seven dimensions contain the following
information for each of the i point sources:
1. x-position
2. z-position
3. The re￿ectivity/transmittance of the cantilever at the position of the point
source.
4. A ￿ag to indicate whether the position of a point source should be changed
when tilting or bending occurs: ￿ag=0 position is not changed, ￿ag=1 position
only changes when tilting occurs, ￿ag=2 position is changed when tilting or
bending occurs. This is necessary when the chip base is included in the simula-
tion since it will not change position when the cantilever bends but only when
the whole chip is tilted.CHAPTER 2. SIMULATION 52
5. The angle between the z-axis and the surface normal of the element of the
cantilever where the point source is located.
6. The thickness of the cantilever element at the position of the point source.
7. The refractive index of the element at the position of the point source.
The two last dimensions mentioned can be used in transmission mode simulation to
check the in￿uence of the thickness of the material on the phase of the penetrating
wave.
Functions that change the bending pro￿le of the cantilever or tilt it
Each part that is included in the simulation, i.e. the extended cantilever support
and the cantilever itself, has been assigned a value in the program which tells the
other routines whether it should be included in the tilt or bending operation. Usually
the extended cantilever support is only tilted but not bent and the cantilever will
be tilted or bent depending on what the settings are. The function responsible for
changing the bending pro￿le or tilt are
calcBendingCantilever(straight_cantilever, deflection) and
calcTiltingCantilever(straight_cantilever, deflection). Both
functions need the variable cantilever as input that contains, among other data,
the position of the point sources resembling the extended cantilever base and the
cantilever. The second input needed by both functions is the de￿ection at the free
end. Depending on which function was chosen, the cantilever is simply tilted or its
surface pro￿le is changed by homogeneous bending.
2.1.2.3 CCD - Camera
All the variables describing the CCD are de￿ned as in Fig. 1.14a.
CCD_ANGLE sets the angle in units of radians between the ￿at cantilever and the
axis through the origin of the coordinate system and the centre of the CCD.
The positive direction is clockwise.CHAPTER 2. SIMULATION 53
CCD_DISTANCE sets the distance from the origin of the coordinate system to the
centre of the CCD in metres.
CCD_PIXELSIZE sets the length of a pixel of the CCD in metres.
CCD_RES sets the number of pixels of the camera.
CCD_TILT sets the tilt in units of radians of the CCD in respect to the axis through
the origin of the coordinate system and the centre of the CCD. The positive
direction is clockwise. In most cases it is set equal to CCD_ANGLE.
2.2 Running the Simulation
The function of the simulation is shown by the ￿ow chart in Fig. 2.2. After initialising
the laser, the cantilever and the CCD the calculation is started using simulate.m
or simulate_Multicore.m choosing the cantilever bending or tilting to be simu-
lated.
Input:
Set:
- reflective pattern
-
-
- z=
Äz range (Äz ; )
stepsize ( )
Ä
lower Äz
Äz
Äz
upper
step
lower
Calculate:
- interference pattern depending on z Ä
Initialise:
- position of CCD and cantilever
- CCD resolution
- cantilever length
- wavelength
Store:
- result dependant on Äz
Loop:
- while (Äz<Äz ): Äz=Äz+Äz upper step
- else : exit
Figure 2.2: Flow chart of simulation
Typically the content of simulate.m for running the simulation on one core of
the CPU only looks as shown here (lines starting with % are comments):
1 %%%%%%%%%%%% BEGIN %%%%%%%%%%%%
2 %initialise all variables
3 init_Main;
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5 %initialise the non bent cantilever with its optical
properties
6 cantilever=init_Cantilever([500e-6 1]);
7
8 %simulate bending from -1 um to +1 um in 100 nm steps
9 for k=1:21
10 cantilever_bent=calc_BendingCantilever(cantilever, -1e-6+(
k-1)*1e-7);
11 pattern(k,:)=calc_DiffractionPattern(cantilever_bent,
init_CCD);
12 end
13
14 %calculate the intensity of the diffraction pattern
15 diffraction_pattern=pattern.*conj(pattern);
16 %%%%%%%%%%%% END %%%%%%%%%%%%
In line 3 all variables set in the ￿le init_Main.m are initialised. Line 6 ini-
tialises the re￿ective properties of the cantilever. In this case it is a 500 m fully
re￿ective surface. The for-loop from line 9-12 executes the calculation for cantilever
bendings (line 10) and the results of the calculation of the complex ￿eld intensity is
then stored in the variable pattern (line 11). After calculating all the complex ￿eld
intensities for the di￿erent bending states, the di￿raction pattern is then calculated
in line 15 by multiplying the complex ￿eld at each pixel with its complex conjugate
and is stored in the array variable diffraction_pattern which can be used for
further analysis or display.
2.3 Testing the Simulation
Before using the simulation to predict di￿raction pattern, it was checked by com-
paring its results with solutions of the di￿raction grating presented in Sec. 1.5.2.CHAPTER 2. SIMULATION 55
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Figure 2.3: Comparison of simulation with theory for di￿raction grating
Parameters which were used for the comparison of simulation and theory for the
di￿raction pattern are as follows:
a = 25m, b = 2m, N = 3
a is the spacing, b the width and N the number of slits. The distance was set to
50.3 cm. To match the theory the incoming laser light in the simulation has to be set
to collimated. Very good agreement can be seen in Fig. 2.3. The error in the middle
of the detector is lowest and increases slightly to the edges. This increase is caused
by the fact that in the simulation the CCD surface is ￿at whereas Eq. 1.11 assumes
a curved CCD surface leading to a deviation in the di￿erence which is symmetric to
the 0th order peak (approximately at pixel 500 in Fig. 2.3). Even with this deviation
it can be concluded that the di￿erence between simulation and theory is well below
1% in this case.CHAPTER 2. SIMULATION 56
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Figure 2.4: (a) shows bending and tilting of a cantilever attached to a chip base
and (b) bending of a beam that is not attached to a chip base anymore and will be
referred to as ￿free cantilever￿.
2.4 The Two Modes of Measurements
Two di￿erent methods have been explored to measure cantilever bending. Re￿ection
mode measurement is shown in Fig. 1.9a where the laser re￿ected from the gold
coated surface of chip base and cantilever and is recorded using a CCD. Depending
on the optical surface properties of the cantilever, di￿racted orders higher than the
0th can be produced and recorded. Transmission mode measurements are possible
(Fig. 1.9b) due to partial transparency of the cantilever. Higher order Bragg peaks
in transmission were generated by embedding a di￿raction grating into the cantile-
ver. Typical cases for both modes of measurements are presented in the following
paragraphs.
There are also three di￿erent ways the cantilever can be deformed which are
shown in Fig. 2.4: (a) shows the bending or tilting of a cantilever and (b) shows the
bending of a beam which will be called ￿free cantilever￿ (not attached to a chip base
anymore) from here onward. For the latter case z is calculated from h and for
small deformation it can be derived that z = 4h.
The simulation results shown in this chapter serve to give a general overview over
￿ how the di￿raction pattern looks in transmission and re￿ection mode.
￿ how the di￿raction pattern is a￿ected by cantilever bending.
￿ how the di￿raction pattern is a￿ected by cantilever tilting.CHAPTER 2. SIMULATION 57
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Figure 2.5: Phase di￿erence for 0th order di￿raction beam
￿ what the approximate resolution is which can be achieved for di￿erent cases.
2.4.1 Transmission Mode
Measuring the intensity in the direct beam line (0th order Bragg peak) in transmis-
sion mode is usually avoided. Firstly, most of the time the intensity is too high and
could damage the CCD. Secondly, in our case the changes in the di￿raction pattern
due to a change in the state of bending of a cantilever are negligible.
The latter can best be explained by comparing a ￿at cantilever with a bent one
as shown in Fig. 2.5. The cantilevers are assumed to be in￿nitely thin and the phase
di￿erence of the incoming and outgoing beam is zero. Once the cantilever is bent,
some of the incoming rays have to travel further. Their phase is shifted by  when
they impinge on the cantilever. At the same time, the same wave after transmission
through the cantilever starts with a phase of   when compared with the ￿at case.
The overall result is that there is no di￿erence of the phase in the forward direction
of the rays at the CCD position between the ￿at and bent cantilever. Therefore,
observing the di￿raction pattern at higher angles is not only necessary but bene￿cial
as will be shown later.CHAPTER 2. SIMULATION 58
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Figure 2.6: Di￿raction grating. A, B, K, and L are points on the rays, d is the
distance between the slits in the grating and  is the angle of the incident beam and
  the outgoing beam angle (positive in clockwise direction). A is also the centre of
rotation for the di￿raction grating.
2.4.2 E￿ects of Tilting of a Di￿raction Grating
Another interesting question is discussed in this section: In which direction does
the di￿raction pattern of a cantilever rotate when the cantilever which acts as a
transmission di￿raction grating is tilted? The answer is not as obvious for the case
of transmission as it is for re￿ection.
This problem is most easily tackled by assuming that the di￿raction pattern
generated by a cantilever behaves like the one generated by the much more studied
general di￿raction grating. Fig. 2.6 shows a di￿raction grating with the spacing d
of the slits.  and the exiting beam angle   are both de￿ned as being positive in
clockwise direction.   depends on , d, the wavelength  and the di￿raction order
m (with m > 0 for   > 0) as described by the well known Laue equation which can
be rewritten for this case in the following way :
sin    sin =
m
d
(2.1)CHAPTER 2. SIMULATION 59
Instead of looking at the rotation of the di￿raction grating around A the incoming
beam angle  is changed and there are three di￿erent ways in which   can respond
d 
d
=
8
> > > > > > <
> > > > > > :
= 1 case 1
> 1 case 2
< 1 case 3
(2.2)
Translating these three cases back into the problem of tilting the di￿raction grating
instead of the incoming laser beam, we get
￿ case 1: The di￿raction pattern does not rotate when the di￿raction grating is
tilted.
￿ case 2: The di￿raction pattern does rotate in the opposite direction of the tilt
of the di￿raction grating.
￿ case 3: The di￿raction pattern does rotate in the same direction as the tilt of
the di￿raction grating.
Which of the three cases is true can be found by using Eq. 2.1:
  = arcsin

m
d
+ sin

d 
d
=
cos
q
1  

sin + m
d
2
(2.3)
Setting m = 0 for the zeroth order di￿racted beam and yields:
d 
d
=
cos
p
1   sin2 
=
cos
p
cos2 
= 1CHAPTER 2. SIMULATION 60
For m > 0, small tilts of the grating   1 () sin =  and cos = 1), and
md 1  1 we get:
d 
d
=
1
v u
u u
u t
1  

 +
m
d
2
| {z }
=
=
1
p
1   
> 1
because 0 <   1 and therefore 0 <
p
1    < 1.
In the case of re￿ection the di￿raction pattern rotates in the same direction
as the cantilever is tilted. But having derived the case for transmission above, it
can be concluded that for m = 0 the di￿raction pattern does not move when the
cantilever acting as a di￿raction grating is tilted. Going to higher orders (m 6= 0),
the di￿raction rotates clockwise when the grating is rotated anticlockwise. This
e￿ect has also been seen by John et al. performing laser di￿raction experiments on
periodic dynamic patterns in anisotropic ￿uids [97]. It will also be con￿rmed in the
chapter on the experiments.
2.4.2.1 Results for non-patterned Cantilever
The standard cantilever arrays from IBM (see p. 79) which have been used throu-
ghout all experiments were coated with a homogeneous layer of 2 nm titanium, acting
as an adhesive layer, followed by 20 nm of gold.
The di￿raction pattern was simulated at three di￿erent CCD positions de￿ned
by CCD_ANGLE = 0, 20, 40 degrees and CCD_DISTANCE = 100e-3. Three
di￿erent de￿ection z =  1; 0; 1m were simulated for bending and tilting. The
results are shown in Fig. 2.7.
As derived in the last section there is no change of the pattern in the direct beam
line for bending/tilting (Fig. 2.7a/b). Simulating the di￿raction pattern at 20 degrees
for bending/tilting (Fig. 2.7c/d) shows a small change for di￿erent bending. The
intensity at this angle is decreased by a factor of 105. The high frequency oscillations
are the Fraunhofer fringes resulting from the ￿nite size (500 m) of the cantilever.CHAPTER 2. SIMULATION 61
The oscillation of the intensity maxima is caused by the ￿nite extended support with
the length of 50m: At CCD_ANGLE=40 degrees the changes due to bending/tilting
(Fig. 2.7e/f) are slightly more pronounced when compared to CCD_ANGLE=20 but
still very minute and a di￿erence between bending and tilting cannot be observed.
2.4.2.2 Results for Cantilever with Engraved Di￿raction Grating
The homogeneous gold coating can be turned into a di￿raction grating by milling
away patches of the gold-layer using a focused ion beam (FIB) as described in sec-
tion 3.5.1.3 on page 81. The slits milled into the cantilever coating have a width of
1 m with a spacing of 23.4 m (see Fig. 3.10 on page 84). Now, only the 12th
order Bragg peak was simulated at a distance of 300 mm which occurs at an angle
of  21 deg.
Similar to the previous example for the non patterned cantilever, the changes for
bending and tilting in Fig. 2.8 look similar. The main di￿erence is, that here we
observe a Bragg peak instead of Fraunhofer fringes which shows a slight shift due to
bending/tilting of the cantilever.
2.4.2.3 Analysing the Transmission Di￿raction Pattern
A ￿gure of merit FOMk is de￿ned to quantify the di￿erence in the di￿raction pattern
for sample k to a reference di￿raction pattern. It maps the intensity changes of all
pixels of one pattern into a single number:
FOMk : N1024 ! R
FOMk =
1024 X
i=1
q 
diffpk;i   diffpkref;i
2 (2.4)
with diffpk;i being the intensity at pixel i of the di￿raction pattern sample number
k and kref the reference sample. In the experimental part the conventional optical
lever measurement was performed simultaneously and a proportionality constantCHAPTER 2. SIMULATION 62
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Figure 2.7: Simulated di￿raction pattern for a cantilever. a) and b) show the direct
beam line whereas the c)-f) are simulated at higher angles and show the Fraunhofer
fringes corresponding to the length of the cantilever. The periodicity of the peaks
depends on the length of the cantilever and the variation in intensity of the peaks
seen in c) and d) stem from the ￿nite size of the extended cantilever support. Since
the intensity for the Fraunhofer fringes decays with 1=x2, the intensity fall o￿ at
higher angles is very small and not visible in c) - f).CHAPTER 2. SIMULATION 63
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Figure 2.8: 12th-order di￿raction pattern for di￿erently (a) tilted or (b) bent canti-
lever.
could be determined relating the FOMk to the de￿ection z. Therefore FOMk,
once determined, can be used as a measure for the de￿ection.
This ￿gure of merit was chosen to be sensitive to shift of peaks in the di￿raction
pattern. It should be noted that in the experiments FOMk has been found to be
approximately proportional to the bending which is not generally to be expected.
This proportionality could collapse for large di￿erences in bending or tilting.
2.4.3 Re￿ection Mode
In re￿ection mode the laser and CCD are on the same side of the cantilever. Si-
mulation for re￿ection has only been performed for non patterned cantilevers. Two
di￿erent re￿ection mode measurements are presented in the following subsections.
The ￿rst case deals with a laser that illuminates the cantilever only while the second
deals with a laser beam that is deliberately expanded to shine onto the cantilever
and the cantilever chip.CHAPTER 2. SIMULATION 64
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Figure 2.9: Di￿raction pattern for bending only (a) and tilting only (b) of a cantilever
and bending of a free cantilever (c).
2.4.3.1 Illumination of the Entire Cantilever
Using light di￿racted from the entire cantilever and not from a small spot at the free
end only includes much more information about changes occurring to the cantilever
surface. Simulating the tilting and bending of the cantilever reveals the following as
shown in Fig.2.9: The bending of the cantilever results in a shift of the main peak
and a change of its shape (Fig.2.9a). Tilting the cantilever only changes the peak
position but not its shape (Fig.2.9b). Bending a free cantilever (see de￿nition of free
cantilever in Fig. 2.4 on page 56) changes the peak shape but not its position.
The bending of a cantilever as shown in Fig. 2.4a on page 56 can be split up into
a tilt and pure bending which is a change in curvature. The simulation in this section
has revealed that the in￿uence of tilting and bending on the di￿raction pattern can
be deconvolved from it.
2.4.3.2 Illumination of Cantilever and Chip Base
As seen in the previous section illuminating the entire cantilever in re￿ection reveals
striking di￿erences in the di￿raction pattern between bending and tilting the cantile-
ver. Illuminating additionally a part of the chip base which does not change position
when the cantilever bends introduces a reference peak in the di￿raction pattern and
tilt and bending to be even better distinguished. Assuming that 500 m of the re￿ec-
ting chip base is illuminated additionally to the cantilever, it can be observed that ifCHAPTER 2. SIMULATION 65
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Figure 2.10: Di￿raction pattern from simulation of non patterned cantilever in re-
￿ection, illuminating the cantilever and parts of the chip base for (a) bending of the
cantilever and (b) tilting of the cantilever chip including the cantilever.
the cantilever bends, the whole di￿raction pattern increases in width, whereas if the
cantilever including the whole chip is tilted around the hinge region of the cantilever,
the whole di￿raction pattern just shifts as shown in Fig. 2.10. The peak that does
not change position when the cantilever is bent will be called the reference peak in
the following.
2.5 Di￿ractive Readout with Lens
For some experiments a lens was used in the path of the re￿ected light between
cantilever and CCD in order to capture the entire di￿raction pattern of cantilevers
with large initial bending. This section describes the equation behind the numerical
calculation employed to predict the di￿raction pattern captured with the CCD when
a lens was used. The source code of the numerical calculation can be found in
Appendix B.4.
The numerical approach is based on combining two concepts. Firstly, the can-
tilever is represented by a phase-modulated di￿racting screen which is described inCHAPTER 2. SIMULATION 66
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Figure 2.11: Schematic of experimental setup with a lens in the laser beam re￿ected
from the cantilever.
a paper by J. A. Ratcli￿e [98]. The phase-modulated screen remains always ￿at, in
the position where the ￿at cantilever is placed. It only modi￿es the phase of the
re￿ected wave according to the phase change that would occur when the incoming
laser is re￿ected from a bent or tilted cantilever. Secondly, the Fresnel di￿raction
equation (Eq. 2.7) as derived by Goodman in reference [84] has been used. Phase
factors that only depend on the pixel position of the CCD have been dropped throu-
ghout as the intensity of the di￿raction pattern is the quantity of interest which
is calculated as the product of the magnitude of the electromagnetic wave with its
conjugate-complex value.
Fig. 2.11 shows the schematic. The cantilever chip is positioned at z = 0 where
the electric ￿eld Uo is de￿ned which represents the wave re￿ected from the cantilever.
It is assumed that the cantilever is illuminated by a plane wave of unit amplitude,
therefore Uo (x) = exp[jk'()], with j being the imaginary unit, k the wave number
and '() the phase of Uo at position . If the cantilever is not bent Uo = 1, otherwise
a de￿ection of z at position  will result in '() = 2z since the beam is traversing
the distance between the -axis and the cantilever position twice. Ul is the ￿eld
directly in front of the lens which is the superposition of all the spherical waves
diverging from the points  on the cantilever. Using the paraxial approximation forCHAPTER 2. SIMULATION 67
one point source at position  would result in a ￿eld
Ul (x) =
1
jz1
exp

j
k
2z1
(x   )
2

(2.5)
with  being the wavelength and z1 the distance between the -axis and the x-axis.
The lens with focal length f transforms the ￿eld Ul into
U0
l (x) = Ul (x)P (x)exp

 j
k
2f
x2

(2.6)
with P (x) being the pupil function of the lens de￿ning its diameter. For the distance
z2 the Fresnel di￿raction equation is used
Ui (u) =
1
jz2
1 
 1
U0
l (x)exp

j
k
2z2
(u   x)
2

dx (2.7)
Combining now Eq. 2.5, 2.6, and 2.7 and taking into account that the cantilever
chip is represented as a series of point sources located at the -axis with their phases
depending on the incoming beam, yields the following expression:
Ui (u) =
1 
 1
h(u;)Uo ()d
with the impulse response function:
h(u;) =
1
2z1z2
exp

j
k
2z1
2


1 
 1
P (x)exp

j
k
2

1
z1
+
1
z2
 
1
f

x2

exp

 jk


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x
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dxCHAPTER 2. SIMULATION 68
2.6 Phase Problem
The previous section dealt with the computation of the di￿raction pattern from a
known cantilever shape. This is called a direct problem. One aim of this thesis is to
provide a technique which allows to determine the cantilever shape from a di￿raction
pattern. This is called an inverse problem. Equation 1.12 for the electric ￿eld of the
di￿racted wave contains its phase which describes the de￿ection of the cantilever
in the z-direction (see Fig. 1.14a for coordinate system). Unfortunately, the CCD
camera records only intensity but not the phase.
One possibility to retrieve the phase is using iterative methods. Sayre observed in
1952 that in order to retrieve the phase from an intensity measurement it is necessary
to sample the di￿raction pattern at twice the Nyquist frequency [99]. The sampling
theorem states that in order to perfectly reconstruct a band-limited analog signal it
has to be sampled at the Nyquist frequency 2fmax, with fmax being the maximum
frequency in the original signal [100]. Therefore, according to Sayre the di￿raction
pattern has to be sampled at 4fmax. Sayres observation led to the development of
iterative algorithms by Gerchberg and Saxton [101, 102] and later by Fienup [103].
These algorithms have been further developed and are used today to reconstruct 2D
and 3D objects with a spatial resolution in the range of 20 nm [104, 105] and resolve
a deformation of lattice spacing in the order of 0:5  A using x-rays of 1:3  A wavelength
[106, 107].
Unfortunately, this method cannot be used to calculate the phase from the dif-
fraction pattern of the experiment presented in this thesis since the solutions for 1D
problems are usually non-unique [108]. For 2D and 3D it has been shown that a
unique solution almost always exists [109]. It may be possible to ￿nd constraints,
suitable for the case of the cantilever, in order to ensure a unique solution to the
inversion of the 1D di￿raction pattern. Then, it would be possible to completely
recover the phase, which represents the cantilever shape.
Another, more promising way, to retrieve the phase is to use an additional refe-
rence beam as proposed in 1948 by Dennis Gabor [110]. Today, this method is knownCHAPTER 2. SIMULATION 69
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Figure 2.12: Simulating di￿raction pattern for di￿erent cantilever bending pro￿les
keeping the de￿ection z constant.
as Holography. Methods involving interference of a measuring wave with a reference
wave have already been presented in Sec. 1.2.4.2. Looking at the schematic for the
simulation (Fig. 1.14) it is clear that the re￿ected beam can be thought of as consis-
ting of two parts. First, the part which is re￿ected from the extended chip base and
the chip body acts as a reference beam since it is not changed when the cantilever
bends. Second, the part which is re￿ected from the cantilever acts as the measuring
beam, containing the information about the cantilever surface pro￿le. Both beams
interfere with each other and it should be possible to develop an algorithm which
can extract the full shape of the cantilever surface.
That di￿erent bending pro￿les of the cantilever lead to di￿erent di￿raction pat-
tern is shown in the following. A simulation of the three bending pro￿les mentioned
in Appendix C with the same de￿ection of z =  1m is presented in Fig. 2.12. The
reference peak which is generated mainly from waves which were di￿racted from the
chip base, is almost the same for all three cases. The width of the pattern increases
with increasing maximum slope of the bending pro￿le (for the slopes see Fig. C.1).
The main point is, that the di￿raction pattern for di￿erent bending pro￿les but the
same z are distinguishable.CHAPTER 2. SIMULATION 70
2.7 Conclusion
Di￿erent methods which can be used to determine the bending of the cantilever have
been simulated here. In transmission mode, the di￿raction patterns do not exhibit
characteristics which could be exploited to distinguish between tilting and bending.
It can also be seen by comparing Fig. 2.7 with Fig. 2.10, that the resolution for
transmission mode is expected to be inferior to re￿ection mode. Re￿ection mode has
the additional advantage of allowing to measure tilt and bending individually even
when they occur simultaneously.3
Engineering and Experimental Methods
The di￿ractive optical readout made it necessary to a build a completely new setup
which was ￿exible enough to be used for re￿ection and transmission mode experi-
ments.
This chapter is dedicated to the description of the newly developed experimental
setup and its parts. A schematic overview displaying all parts of the experiment can
be seen in Fig. 3.1. The test solutions shown in the upper left corner are selected by
the valve which can be computer controlled and the ￿ow is driven by gravity through
the ￿ow cell into the waste container. The cantilever array chip is mounted vertically
in the ￿ow cell and the bending of the cantilever which depends on its coating and
the test solutions used can be monitored in two di￿erent ways.
On the right side of the ￿ow cell the optical lever readout (described in Sec. 1.2.4.1)
is used with LaserOL and CCDOL. Lenses for focusing the laser beam to a small spot
on the cantilever underside have been omitted in the drawing for reasons of clarity
but are explained below separately. The spot position on CCDOL is analysed with
software written in LabView (version 8.2) running on the connected PC. On the left
side the di￿ractive readout is realised with LaserD and CCDD. Again, the cylindrical
lens used for shaping the laser beam was omitted from the drawing for reasons of
clarity. For re￿ection mode it is important to position the CCDs in such a way that
the laser from the opposite side of the cantilever does not shine directly into the
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CCD. For this reason the two lasers are facing each other. The same is true for the
CCDs.
The Peltier positioned behind the cell is controlled by an external PID controller
which is connected to the PC. The goniometer and the xyz-stage were mainly used
to position the chip or to study the behaviour of the di￿raction pattern as a function
of tilt. If several cantilevers had to be measured the xyz-stage was used to position
them in the laser beam alternately.
Described above and shown in Fig. 3.1 is the di￿ractive readout in re￿ection
mode. For transmission mode, the optical lever readout was located in front of the
cantilever together with LaserD whereas CCDD was moved behind the cantilever (i.e.
on the right side of the cell in the drawing).
3.1 Flow Cell
Experiments using cantilever chips as sensors can be carried out in gaseous and
liquid environment and a new ￿ow cell had to be designed allowing both. Much of
the design is similar to the ￿ow cell that was delivered with the Scentris￿ instrument,
a cantilever sensor system manufactured by Veeco (Santa Barbara, CA, USA). The
major change is the additional back window to facilitate a beam transmitted through
the cantilever to leave the ￿ow cell on the back side.
A photograph of the ￿uid cell is shown in Fig. 3.2. The electric leads on the
left side supply the peltier with power and on the right side the inlet (lower tubing)
and the outlet (upper tubing) for gases or ￿uids can be seen. A chip is mounted in
the chamber and clamped into position with a spring clip which is also visible. The
￿ow cell itself is completely made out of stainless steel and the green colour in the
photograph stems from a coating that was applied to reduce scattering of the laser.
This was later removed because it was found to be bio-incompatible. All parts of the
cell are shown in the assembly drawing Fig. E.1 and the drawings for each part can
be found in the Appendix from page 170 onwards or as AutoCAD ﬁ and PDF ￿les
on the DVD accompanying this thesis. The main part is the body of the ￿ow cell.CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 73
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Figure 3.1: Schematic ￿gure of experimental setup. The cantilever is mounted ver-
tically in the ￿ow cell. Test solutions 1 and 2 are selected by the valve and driven
through the cell into the waste by gravity ￿ow. On the right side, the optical lever
technique is used to read out the cantilever bending and on the left side is the new
di￿ractive readout in re￿ection mode. Goniometer, xyz-stage, CCDs are controlled
by one LabView (version 8.2) program. The TCM controller for the Peltier module
and the pico-logger for the external thermocouple were controlled by two separate
programs.
Figure 3.2: Photo of the ￿ow cell. The power supply for the peltier element located
behind the ￿ow cell can be seen on the left and the inlet and outlet for the test
solutions or gases are visible on the right side.CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 74
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Figure 3.3: (a) Re￿ection of laser at the free end of the cantilever for conventional
optical lever technique. (b) Laser to illuminate the entire cantilever for di￿ractive
measurement on non-patterned cantilever and (c) for patterned cantilever. (b) and
(c) are recorded in transmission.
It contains the channels for ￿uids and gases and all the other parts are attached to
it. The Peltier element is clamped between the back of the main body and the heat
sink.
3.2 Optics
3.2.1 Optical Lever Technique
The Premier Laser Diode Module (Edmund Optics, UK) was used with a wavelength
of 655 nm. The power of the laser could be set from 0-5 mW by applying a voltage
from 0 to 1 Volt to a control input which was usually set to 0.1 Volt. To achieve the
desired laser spot on the cantilever, the inbuilt optics were replaced by the following
setup of lenses. An inverted microscope objective was placed 9 mm away from the
laser diode to collimate the beam and a lens with a focal length of 250 mm focused the
beam to a spot shining onto the cantilever surface (see Fig. 3.3a). The incident angle
of the beam is 30 deg to the surface normal of the cantilever. The re￿ected laser
beam then travels through a lens positioned at distance from the cantilever equal to
its focal length of 50 mm before it is recorded using a CCD camera (DFK-31 AF03,
Imaging Source/Germany).CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 75
3.2.2 New Re￿ective/Transmissive Di￿raction Technique
The optics needed for the di￿ractive measurement technique comprise a single cylin-
drical lens transforming the spherical laser beam into an elliptical shape to illuminate
one cantilever entirely but omitting neighbouring cantilevers. The laser source used
was a Helium-Neon laser (HRR050, Thorlabs Inc., UK) with the output power ￿xed
at 5 mW. The laser power was regulated using neutral density ￿lters in the beam
line to avoid damaging the CCD camera which was used to record the di￿raction
pattern (ORCA-AG from Hamamatsu, UK). The illumination of non-patterned and
patterned cantilever displayed in Fig. 3.3b-c shows the intensity after transmission
through the cantilever.
3.3 Stage
Testing the robustness of a readout technique accurately needs a stage which can
move and rotate the cantilever array in a very controlled way. Therefore, the ￿ow
cell which holds the cantilever array was mounted on a stage consisting of two go-
niometers on an xyz-stage (see Fig. 3.1). All ￿ve axes are computer controlled and
allowed for a de￿ned manipulation of the cantilever chip position.
3.3.1 Test of Linear Stages
Each single axis of the xyz-stage was calibrated on its own by the supplier, Newport.
After assembling them the accuracy was checked using a Michelson interferometer
(Fig. 3.4). Each linear axis has a travel range from -12.5 mm to +12.5 mm and the
accuracy was checked at the positions -10 mm, 0 mm and +10 mm. The movable
mirror 2 as shown in Fig. 3.4 was placed on the xyz-stage. The collimated laser
is split by the beam splitter and re￿ected by the two mirrors which were slightly
tilted in respect to the incoming beam to produce a stripe pattern on the CCD
from the two interfering beams. Moving mirror 2 by half the wavelength of the laser
(=2 = 632:8nm=2 = 316:4nm) will show one cycle of intensity change on the CCD
since the wave has to travel the distance between the beam splitter and mirror 2CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 76
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Figure 3.4: Michelson interferometer
twice. In the test the stage was moved a distance 2.5 m in 10 nm steps in one
direction and the position from the encoder was recorded together with the corres-
ponding interference pattern.
The intensity changes at one pixel on the CCD are shown in Fig. 3.5. If the
stage is working perfectly the distance between two maxima should be identical to
=2. The results of analysing the intensity changes for each axis and at di￿erent
positions can be seen in Table 3.1. The error is the standard deviation of at least 10
measurements.
pos: -10 mm pos: 0 mm pos: 10 mm
x-axis (group 4) 337 nm  10 nm 320 nm  7 nm 309 nm  7 nm
y-axis (group 5) 310 nm  24 nm 273 nm  40 nm 299 nm  20 nm
z-axis (group 6) 329 nm  6 nm 337 nm  17 nm 329 nm  9 nm
Table 3.1: Accuracy of di￿erent axes of the stage
As mentioned above the expected distance was 316.4 nm leading to an accuracy
of around 10%. It has to be noted that the measurement accuracy was limited by
the stability of the interferometer. Therefore the accuracy does not represent the
true values for the Newport stage but describes the accuracy of the interferometer
setup.CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 77
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Figure 3.5: Intensity at a pixel on the CCD as a function of the position of mirror 2.
3.3.2 Calibration of the Goniometer
The input for the goniometer controller is in units of mm. Therefore a calibration
has to be performed to ￿nd the factor that converts the length into the actual tilt
angle it produces. The lower goniometer was calibrated by the optical lever technique
described in subsection 1.2.4.1 on page 26 using a mirror mounted on the stage. Re-
cording the position of the spot on the CCD together with the input to the controller
yielded a calibration constant of:
Cgon = (8:20  0:05)
mrad
mm
The error was calculated based on the propagation of the uncertainty from the mea-
surement of the distance between mirror and CCD. According to the catalogue of
the manufacturer (Newport Corp.) the constant should be (8:06  0:02) mrad/mm.
3.4 Chemistry, Coatings and Solutions
Bu￿er Solution 0.1 M mono-basic and 0.1 M di-basic sodium phosphate salts
(Sigma-Aldrich, U.K.) were dissolved in ultra pure water (16-18 M
cm, Millipore
Co., MA, U.S.A.) to reach pH 7.4. Before using the bu￿er in the experiments it
was ￿ltered using 0.2 m ￿lters (Millipore), ultrasonicated for 5-10 mins at room
temperature, and purged with argon to remove any gas bubbles [1].CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 78
10 M of human serum albumin (HSA) was added to the bu￿er for all vancomycin
experiments presented in this thesis. While it obviously enhances the biological
relevance of the experiments, it also has the bene￿cial side e￿ect of reducing the drift.
This is the case because HSA sticks to the non-coated underside of the cantilever and
therefore prevents unspeci￿c reaction occurring on the underside which are thought
to be the cause of the drift.
Vancomycin Solution Vancomycin hydrochloride (Sigma-Aldrich, U.K.) was dis-
solved in bu￿er solution to yield 10 M vancomycin preparation.
dAla and PEG For the experiment presented in chapter 5 the cantilevers were
coated with the glycopeptide Lysine-D-Alanine-D-Alanine or with triethylene glycol.
dAla is used to mimic parts of a bacterial cell wall of a vancomycin susceptible
bacteria [111, 112, 12] and PEG is reported to resists biomolecule absorption on
surfaces [113, 114].
In order to adsorb dAla and PEG in form of a monolayer on top of the gold
coated cantilever a thiol linker has to be attached to each biomolecule resulting in
the following chemical form:
￿ for Lysine-D-Alanine-D-Alanine:
HS(CH2)11(OCH2CH2)3O(CH2)(CO)NH(CH2)5(CO)-L-Lys-(-Ac)-D-Ala-D-Ala
(sourced from Targanta Therapeutics, Cambridge, MA, U.S.A, 1 M solution)
will be referred to as dAla in the following
￿ for triethylene glycol: HS(CH2)11(OCH2CH2)3OH
(sourced from Zhou and Abell, Dept. of Chemistry, Cambridge University,
U.K.)
will be referred to as PEG in the following
Their structures are shown in Fig. 3.6. (Details about vancomycin and its use in
￿ghting the super bug MRSA (Methicillin-Resistant Staphylococcus Aureus) haveCHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 79
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Figure 3.6: Chemical Structures of mucopeptide analogues used to coat cantilevers
for the drug-target interaction stress measurements. dAla represents VSE pheno-
types PEG was used as a reference (￿gure adapted from [53]).
been published by Dudley Williams in [111] and can also be found in the PhD-Thesis
of Alejandra Donoso Barrera [70].)
3.5 Cantilever Chips
The chips used throughout the experiments contain arrays of eight silicon cantilevers
(Fig.3.7) fabricated by IBM R￿schlikon Research Laboratories in Switzerland. Each
cantilever is 500 m long, 100 m and 0.9 m thick (see Fig. 3.8) having a spring
constant of 0.02 N/m.
3.5.1 Preparation of Cantilevers
3.5.1.1 Cleaning
Before evaporating the cantilevers they were thoroughly cleaned for 20 minutes in a
freshly prepared piranha solution with the ratio of 1 H2SO4:1 H2O2. They were then
rinsed with deionised water (conductivity 18.2 M
cm). After a second rinsing
step, this time with pure ethanol (ACS reagent, 99.5% from Sigma-Aldrich, cat.no.
459836), they were dried on a heating plate at a temperature of 75￿C.CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 80
Figure 3.7: SEM-Image of one of our cantilever arrays taken with the Carl Zeiss
XB1540 before using the focused ion beam to manipulate the cantilevers.
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Figure 3.8: Dimensions of IBM cantilever chips (from [1])CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 81
Now the cantilevers were ready to be loaded into the vacuum chamber of the
evaporator.
3.5.1.2 Evaporation
The cantilevers were evaporated in the Auto 500 E-Beam evaporator from BOC/Ed-
wards. The base pressure before evaporation was always below 1  10 6 mbar. First
a 2 nm thick layer of titanium was evaporated at a rate of 0.03 nm/s using an
electron-beam (e-beam) current of 22 mA at 10 kV. The titanium acts as an adhe-
sion layer for the 20 nm gold layer which was evaporated at a rate of 0.07 nm/s
using an e-beam current of 30 mA at 10kV. The rate achieved at a set current can
vary from time to time depending on the target material the e-beam is impinging on
and the pattern and speed the e-beam sweeps over it.
3.5.1.3 Patterning with FIB
A focused ion beam (FIB) is an excellent tool for prototyping on the nano scale
and has been used successfully for fabrication or modi￿cation of cantilevers [68, 115,
116]. For a series of measurements in transmission mode the cantilever needed to
be modi￿ed to resemble a di￿raction grating. This has the advantage of di￿racting
more intensity of the laser light to higher angles where the change of the di￿raction
pattern upon bending of the cantilevers is more pronounced, thus improving the
signal to noise ratio.
As a rule of thumb the FIB milling time needed can be calculated with the
following formula [117]:
mill time [s] =
volume
 
m3
beam current (nA)  volume deposition yield (m3=nC)
(3.1)
Using gases can further shorten the milling time. The volume deposition yield can
be found in table 3.2.
In the ￿rst tests I milled holes through the metal coating and the entire thickness
of the cantilever. Using a beam current of 2 nA, 8-10 milling layers, 25 s millingCHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 82
Gas Yield
 
m3=nC

Enhancement
0.4 -
Iodine 0.8 2
XeF2 1.7 4.2
Oxygen 1.8 4.5
Table 3.2: Enhancement of milling time due to injection of gas [117]
time per layer (i.e. a total milling time of about 200-250 s) and injecting ￿uorine
gas at the same time the holes could be milled without inducing too much cantilever
bending. It was found that the milling time was not consistent throughout all milling
runs but varied by a factor of four to ￿ve. Most likely the reason for this is, that
the distance of the gas nozzle from the milling spot was not kept constant between
di￿erent runs. It has been shown by Li and Warburton that changing the position
of the gas nozzle in respect to the milling region can change deposition rates by a
factor of four [118]. The enhancement rates for milling using di￿erent gases vary by
a factor of 4 (see Tbl. 3.2) which also supports the assumption that the major cause
for varying milling rates comes from the position of the gas nozzle. Therefore the
rule of thumb (Eq. 3.1) and the milling rates presented here should only be used as
rough guidelines.
The result from the ￿rst milling is shown in Fig. 3.9. The dimensions of the 4
holes in lever 1 are 10x10 m2 with a spacing of 100m, lever 3 was cut down to
a length of 100m, on lever 5 is a sequence of 10 holes 20x10 m2 with a spacing
of 50 m and cantilever 8 was cut to a length of 120 m with two holes of the
dimension 30x10 m2 and spacing of 80 m. These levers have not been used for
further experiments but were used to test the possibility of manipulating cantilevers
in a controlled way by FIB.
The bending that occurs sometimes while milling might be due to charging up
or heating of the cantilever and is not always reversible. To avoid bending, longer
milling steps can be carried out in a sequence of short mills interrupted by short
breaks.CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 83
100 µm
Figure 3.9: Holes milled through the metal coating and the cantilever using FIB.
The width of the cantilever is 100 m. The image was taken in SEM mode with
conditions as shown on the text label.CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 84
Figure 3.10: Di￿raction grating embedded in the cantilever using FIB milling. The
image was taken in SEM mode with conditions as shown on the text label.
It was found that in order to modify the optical properties of the cantilever
and transform it into a di￿raction grating it is enough to mill away only the metal
coating. An additional milling through the silicon cantilever does not increase the
contrast very much since silicon is quite transparent for the laser wavelength that was
used. Its extinction coe￿cient is about 150 times lower when compared with gold or
titanium (see further down). The cantilevers used for the transmission experiments
have therefore been prepared by just milling away the metal coating and leaving
the silicon part of the cantilever almost unchanged. This also keeps the material
properties of the modi￿ed and non-modi￿ed cantilevers similar. The pattern milled
onto the surface of the lever used for the transmission experiments consists of lines
with the dimensions of 1.0x61.3 m2 and a spacing of 23.4 m. The settings for the
ion-beam were: current = 100 pA, 1 milling layer, time = 20 s.
The change of the optical properties on milling away the metal coating will be
calculated in the next paragraph and used later as input for the simulation. The
cantilevers prepared by FIB were not functionalised to be used as biosensors.
Optical properties Transmission coe￿cients chip for the chip, support for the
extended cantilever support and cantilever for the cantilever after the evaporation
can be calculated using the extinction coe￿cients for the di￿erent materials and
their thicknesses. The extinction coe￿cients  for silicon, titanium and gold areCHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 85
Si = 0:0195, Ti = 2:9344 and Au = 3:07, respectively. Beer’s Law ([119] p.302)
 = exp
"
 
4

 t0
0

 
z0
dz
#
with (z0) representing the extinction coe￿cient depending on the coordinate z0 and
the thickness of the layer t0 is used to calculate the transmission coe￿cients :
chip = exp

 
4
632:8nm
f525m  0:0195 + 2nm  2:9344 + 20nm  3:07g

 0
support = exp

 
4
632:8nm
f5:9m  0:0195 + 2nm  2:9344 + 20nm  3:07g

 0:03
cantilever = exp

 
4
632:8nm
f0:9m  0:0195 + 2nm  2:9344 + 20nm  3:07g

 0:19
The transmission coe￿cient for the bare silicon cantilever is bare_cantilever = 0:72.
3.5.1.4 Functionalisation
After cleaning and evaporation of the chips, the biological recognition layer was put
down on the cantilever.
Adsorbing molecules to the gold coated cantilever surface has been done by lin-
king them to thiols which then form a self assembled monolayer (SAM) on gold
spontaneously [120]. The two di￿erent coatings needed for testing vancomycin are d
Ala and PEG which was used as a reference.
The cantilevers are inserted into one end of the micro capillaries as shown in
Fig. 3.11 and the solution containing a 2 mM ethanolic solution of PEG or 1M
dAla is injected at the other end. Micro capillary forces drive the solution to the
cantilevers and the time of incubation is 20 min to form a SAM. The cantilever chip
is then rinsed again with ethanol before it is stored in deionised water, ready to be
used for experiments.
An alternative way of functionalising only one side of the cantilevers is by using an
ink jet spotting device which is usually run in a temperature and humidity controlled
chamber [121].CHAPTER 3. ENGINEERING AND EXPERIMENTAL METHODS 86
Figure 3.11: Functionalisation of cantilever via incubation inside micro capillaries
[45]4
Experiments
The simulation (chapter 2) gave insight into the potential of the di￿erent optical
con￿gurations. But it does not take into account all the perturbing in￿uences such
as stray light, imperfect laser beam and liquid measurement environment. Therefore
an experimental setup was built (chapter 3). The objective of performing the expe-
riments which are presented in this chapter was to have an experimental benchmark
and comparison of the di￿erent measurement modes. The results from the simula-
tion combined with the results from the experiment will enable to choose the right
optical con￿guration for further optimisation.
The two di￿erent di￿ractive modes of measurement, namely re￿ection and trans-
mission mode, were tested. Transmission mode measurements comprise experiments
using patterned and non-patterned cantilevers and studying the di￿raction pattern
at di￿erent angular positions of the recording CCD. Re￿ection mode measurements
were only performed with non-patterned cantilevers to study changes of the di￿rac-
tion pattern in air and liquid.
The experimental results presented here directly compare the di￿erent realisa-
tions of the di￿ractive readout with the optical lever technique to ￿nd out whether
the latter can be replaced by the former.
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4.1 Transmission Mode
Although it was found with the simulation that the transmission mode is inferior
in terms of resolution when compared to the re￿ection mode but it o￿ers other
advantages. Due to space restriction, sometimes it is more practical to use the
readout in transmission mode rather than re￿ection mode. But the main advantage
of the transmission mode is that it does not depend on a re￿ective surface. The only
requirement for transmission mode to work is, that edges are present which generate
the di￿raction pattern (see Sec. 1.5.4 on page 41). This allows a much wider variety
of surface coatings. It also allows to measure the de￿ection of cantilevers without an
extra coating.
In transmission mode the laser illuminates the entire cantilever from one side
and the di￿raction pattern generated on the other side of the cantilever is recorded.
For all experiments shown here the de￿ection of the free end of the cantilever was
measured simultaneously with the conventional optical lever technique to allow for
direct comparison. For the transmission mode measurements performed without
liquid, the front and back window of the ￿ow cell were removed to keep perturbing
in￿uences to a minimum.
4.1.1 Patterned Cantilever
The cantilever used for the experiments presented here is shown in Fig. 3.10 on
page 84. The spatial periodicity of the holes is 23.4 m. The two-dimensional dif-
fraction pattern of this cantilever captured with a digital camera at  1:5m distance
can be seen in Fig. 1.16 on page 44. A one-dimensional di￿raction pattern with
Bragg peaks from the -15th to the +15th order is presented here in Fig. 4.1. It was
recorded by rotating the transmission CCD in a circle at distance of 190 mm around
the cantilever chip in 1 deg steps, acquiring the di￿raction pattern at each position,
and combining them again, taking into account the di￿erent exposure times. The
asymmetry in the pattern stems ￿rstly from the the fact that the extended supportCHAPTER 4. EXPERIMENTS 89
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Figure 4.1: Di￿raction pattern from -15th to +15th order. The intensity plotted in
the shaded area has been displayed reduced by a factor 10 to increase the visibility
of higher order Bragg peaks.
(see Fig. 3.8 on page 80) on one side of the cantilever is partially transparent and
secondly from the milled di￿raction grating which is not perfectly periodic.
4.1.1.1 Tilting Experiment
The aim of this experiment is to test two claims made earlier in Sec. 2.4.1:
1. The change of the di￿raction pattern in response to the tilt will increase as the
order of the Bragg peak rises.
2. The di￿raction pattern rotates in the opposite direction of the tilt rotation of
the cantilever.
The goniometer upon which the ￿ow cell is mounted was used to control the tilt of the
cantilever chip. The in￿uence of the tilt on the shift of the Bragg peaks from  15th
to 15th order was measured. In order to reduce the tilt error introduced through
the backlash of the goniometer, care was taken that all positions were approached
from the same direction, making the experimental procedure slightly more elaborate.
First, the CCD mounted at a distance of 195 mm was moved to -28 degrees and then
to -27 degrees and the goniometer was rotated to -17.4 mrad and then to 0 mrad.
The di￿raction pattern for the not tilted cantilever (at 0 mrad) was captured, and
after tilting it with the goniometer by +1.34 mrad, a second pattern was captured.
Now the CCD was moved to the next Bragg peak in the positive direction and theCHAPTER 4. EXPERIMENTS 90
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Figure 4.2: Peak shift as a function of the order of the Bragg peak. Comparing
experimental results (exp 1, exp 2) with theoretical prediction for  = 0 (theo1) from
Eq. 2.3 on page 59 and simulation (sim). Also plotted is a theoretical calculation for
 = 8:73mrad(theo2)
goniometer tilted ￿rst to -17.4 mrad and then to 0 mrad before recording the images
for 0 mrad and +1.34 mrad tilt which is equivalent to a tilt of the cantilever with a
de￿ection of its free end of 670 nm.
The theoretical shift of the Bragg peak sBp;m has been calculated using Eq. 2.3
on page 59 for  = 0 (for notation see Sec. 2.4.2 on page 58):
sBp;m =
0
@ 1
q
1  
 m
d
2
  1
1
Ad
CCD_distance
pixel_size
with  15  m  15, CCD_distance = 190 mm and pixel_size=6.54 m.
The shifts of the Bragg peaks for two experiments have been determined and are
plotted in Fig. 4.2 (stars and empty circles) together with the theoretical prediction
sBp;m (theo1) and results from a simulation (sim).
Experiment (exp1, exp2) , theory (theo1) and simulation (sim) almost agree, only
two minor deviation can be observed from the experimental values exp1 and exp2:
1. The shift is not symmetric to the 0th order Bragg peak for exp1 and exp2. This
is caused by the cantilever being tilted initially and not being perpendicular toCHAPTER 4. EXPERIMENTS 91
the incoming beam. The resulting asymmetry for slightly tilted cantilevers is
also predicted by Eq. 2.3 on page 59.
2. The minimum of the shift does not go to zero for exp1 and exp2 as expected
from the theory. Due to restrictions in the setup the cantilever hinge region
could not exactly be placed at the centre of rotation of the goniometer which
results in adding an o￿set to the shift.
Taking the two e￿ects above into account, theoretical values have been calculated
( = 8:73 mrad, o￿set=0.4) which ￿t the experimental data better (theo2 in Fig. 4.2).
4.1.1.2 Bending Experiments
In these temperature experiments, only gold coated cantilevers were used without
an additional biochemical layer. The gold coating on top of the silicon imparts
bimetallic properties on the cantilever. Heating or cooling will therefore change its
bending. The temperature was recorded using a thermocouple which was attached
to the front side of the ￿ow cell. In the experiment shown here the temperature
was cycled up and down (Fig. 4.3a) by switching the power supply for the peltier
element on and o￿ while recording the transmission di￿raction pattern (Fig. 4.4a)
as well as the de￿ection (Fig. 4.3b) of the free end of the cantilever with the optical
lever technique. The direct response of the de￿ection to a change in temperature is
shown in Fig. 4.3c.
The angle of observation for the transmission CCD was set to 29.5 degree to
observe the 19th order Bragg peak and subsidiary peaks. The distance between
cantilever and CCD was 0.25m. Changes in the di￿raction pattern due to changes of
the cantilever bending are minute, as has already been expected from the simulation.
In order to examine the changes, a reference di￿raction pattern for this experiment
was chosen (Fig. 4.4a) and the di￿erence to other di￿raction patterns with a bending
relative to the reference is plotted in Fig. 4.4b. A change in the di￿raction pattern
can be seen clearly in these plots even for a bending as low as 2.5 nm.CHAPTER 4. EXPERIMENTS 92
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Figure 4.3: Response to temperature cycling. Measurements of temperature (a)
and de￿ection (b) are shown. c) shows the direct response of the de￿ection to the
temperature for the one cycle (shaded grey in a and b)
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Figure 4.4: (a) Initial di￿raction pattern showing the 19th order Bragg peak and
subsidiary peaks. (b) The di￿erence of di￿raction patterns to the initial pattern
where the bending is relative to the initial bending.CHAPTER 4. EXPERIMENTS 93
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0
5
10
x 10
4
F
O
M
 
[
a
.
u
.
]
time [s]
-450 -400 -350 -300 -250 -200 -150 -100 -50 0 50 100
0
5
10
x 10
4
de￿ection [nm]
F
O
M
 
[
a
.
u
.
]
 
 
bending up
bending down
a
b
Figure 4.5: The response of the cantilever by cycling the temperature by  5K.
a) Figure of merit (FOM) computed from di￿raction pattern. (b) FOM versus
de￿ection for the cycle shaded in grey in a).
Analysing the di￿erence of the di￿raction pattern with the FOMk as de￿ned in
Eq. 2.4 on page 61 yields a curve similar to the cycling of the temperature or the
de￿ection of the cantilever. The FOMk calculated in this way is shown in Fig. 4.5b.
Finally the FOMk is plotted against the de￿ection z measured simultaneously
with the optical lever technique (Fig. 4.5a). The observed hysteresis for the tem-
perature cycle might be caused by the fact that in the heating up phase not only
the cantilever is heated but the whole ￿ow cell, including the clip that holds the
cantilever chip in place. Heating up the clip causes the whole cantilever chip to tilt
slightly in addition to the bimetallic e￿ect of the individual cantilevers.
4.1.1.3 Distinguish between Bending and Tilting
The previous two experiments have shown that it is possible to detect the tilting of
the cantilever chip or the bending of a cantilever alone. However, is it possible to
distinguish one from the other by analysing the transmission di￿raction pattern?
To answer this question bending and tilting were performed in sequence, obser-
ving the 12th and 13th order di￿raction peaks at a distance of 165 mm. It was hoped
that the changes of two neighbouring Bragg peaks would give the information neededCHAPTER 4. EXPERIMENTS 94
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Figure 4.6: Di￿raction pattern showing two Bragg peaks which are split up in mul-
tiple peaks due to the not perfectly periodic structure milled onto the cantilever. The
split can also be caused by the common path interferometer e￿ect which results from
the partial transparency of the parts between the slits of the di￿raction grating[122].
to distinguish between tilt and bending. First, the di￿raction pattern for samples
1-17 was taken by increasing the tilt of the chip by +0.62 mrad for each sample and
decreasing it by -0.62 mrad for sample numbers 18-33. In order to induce bending,
the temperature was increased in +3 K steps (sample numbers 34-42) followed by
-3 K steps for sample numbers 43-50.
The initial transmission di￿raction pattern for sample number 1 is shown in
Fig. 4.6. For an ideal strictly periodic structure (slits are fully transparent and the
rest of the cantilever is fully opaque) a Bragg peak would not split into multiple
peaks but remain as one. The partial transparency of the entire cantilever leads to
the common path interferometer e￿ect which causes the peaks to split [122].
All the di￿erent responses to tilts and changes in temperature are shown in
Fig. 4.7. The responses to tilting (a, c, e, g) show almost no hysteresis whereas the
responses to bending (b, d, f, h) exhibit small hysteresis. The is caused by the ther-
mocouple and cantilever sensing the temperature at di￿erent positions. Furthermore,
the thermocouple is attached to the metal of the ￿ow cell whereas the cantilever is
in air. Therefore, the cantilever cools down faster than the thermocouple.
The result of the optical lever technique is shown in Fig. 4.7a and b. It has to be
remembered that the de￿ection z of the cantilever is determined from inclination
of the free end of the cantilever, i.e. the de￿ection of the laser beam is caused by a
change of angle (see Fig. 1.7). The inclination angle of the free end of the cantileverCHAPTER 4. EXPERIMENTS 95
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Figure 4.7: Responses measured to tilting the cantilever with the goniometer or
bending it by changing temperature. Shown are the measurements for the optical
de￿ection in a) and b), the FOM in c) and d), the shift of the 12th order Bragg
peak in e) and f), and the shift of the 13th order Bragg peak in g) and h).CHAPTER 4. EXPERIMENTS 96
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Figure 4.8: (a) Plot of FOM against the de￿ection. (b) residues of the linear ￿t
plotted against the sample number to see di￿erence between tilt and bending. The
shaded area in (b) labels the samples were the bending of the cantilever was changed.
The non-shaded area labels the tilting.
is two times higher for bending than it is for tilting if the real de￿ection z is the
same. This is accounted for in the analysis. The response of the FOM seems to be
similar for tilting and bending (Fig. 4.7c and d). e-h show the response of the shift
of the individual peaks at the 12th and 13th order Bragg peak position. As already
seen previously, the response increases with the order of Bragg peak.
Looking at the FOM extracted from the transmission experiment for tilting and
bending separately, it seems that FOM / z, but with di￿erent proportionality
constants for tilting and bending. Fitting a line to the FOM depending on z
measured with the optical de￿ection technique con￿rms that the proportionality
constant for bending is about 15% higher than for tilting as shown in (a) of Fig. 4.8.
(b) shows the residuals of the ￿tting procedure which imply that the relation between
FOM and z is not strictly linear.
It has to be concluded that the FOM alone can not be used to distinguish
between tilt and bending. But if the mode of surface change is known a priori, as it
needs to be for the optical lever technique, than the FOM can be used to quantify
tilting and bending of the cantilever.CHAPTER 4. EXPERIMENTS 97
4.1.2 Non-Patterned Cantilever
Engraving a pattern in the cantilever modi￿es not only the mechanical properties
of the cantilever but increases the complexity of cantilever fabrication. This section
shows the feasibility of using non-patterned cantilevers but also brings to light its
inferior resolution.
The non patterned cantilever is partially transparent and creates a di￿raction
pattern as described in Sec. 1.5.4 on page 41. Since a periodic structure is missing,
the Bragg peaks are absent too but the fringes created from the ￿nite length of the
cantilever can still be observed at higher angles. The di￿raction pattern shown and
analysed for the non-patterned cantilever were captured at the same CCD position
and with the same exposure times which were used for the experiments with the
patterned cantilever above. This facilitates a direct comparison in terms of resolution.
From Fig. 4.9a it is clear that the intensity of the peaks in the pattern is close to
the background intensity ( 200 [a.u.]). Looking at the di￿erence of the di￿raction
pattern (Fig. 4.9b) one sees that a bending in the range of 50 nm is needed to
generate a visible change. The sensitivity using patterned cantilever is about 25
times higher (see Fig. 4.4). The FOM in this case (Fig. 4.9d) does resemble the
de￿ection measured with the conventional optical lever technique shown in Fig. 4.9c.
The responses to the temperature change are also shown in Fig. 4.10a and b. The
thermocouple and cantilever are in di￿erent positions. The cantilever, surrounded
by air, cools of more than the thermocouple, attached to the metal of the ￿ow cell.
This causes the hysteresis in the response curves a and b. The hysteresis vanishes
almost completely when plotting the response of FOM to the de￿ection measured
(Fig. 4.10c).
4.1.3 Summary on Transmission Mode
The test experiments described above prove the feasibility of measuring bending
or tilting of the cantilever with nanometre resolution. Since the shift of the peak
was the predominant change in the di￿raction pattern the resolution depends onCHAPTER 4. EXPERIMENTS 98
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Figure 4.9: (a) Di￿raction pattern of a non patterned cantilever in transmission
mode recorded at an angle of 29.5 deg. (b) Di￿erence of di￿raction patterns with
di￿erent bending of the cantilever. (c) Results from conventional optical de￿ection
method. (d) Figure of merit FOM calculated from transmission di￿raction pattern
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Figure 4.10: Response of FOM (a) and de￿ection (b) to the heating of a non-
patterned cantilever. (c) shows the direct response of FOM to the de￿ection.CHAPTER 4. EXPERIMENTS 99
the distance of the recording CCD to the di￿racting cantilever and on the angle of
observation (i.e. higher order Bragg peaks). It is also advantageous to pattern the
cantilever with a periodic di￿racting structure because it maximises the amount of
light di￿racted to higher orders, thus improving the signal to noise ratio.
A feature that clearly distinguishes tilting and bending was not discovered. This
might be due to the fact that changes in the transmission di￿raction pattern are
already quite small.
4.2 Re￿ection Mode
The experiments on transmission mode con￿rmed the ￿nding from the simulation
that it is not possibly to distinguish tilting from bending. To be able to make this
distinction the simulations re￿ection mode measurements are needed. The objective
to perform the experiments in re￿ection mode is to a￿rm the assumption that tilt
and bending can be distinguished using re￿ection.
In this mode, the di￿raction pattern is measured in re￿ection from the top side
of the cantilever. The de￿ection of the cantilever is also measured with the optical
lever technique with the laser being re￿ected from the underside of the cantilever.
The following experiment was performed without liquid in the ￿ow cell and the chip
surface was partially illuminated in addition to the cantilever. The di￿raction pattern
was recorded using a CCD mounted at 100 mm distance. The cantilever chip was
tilted with the goniometer and bending of the cantilever was induced by a change
in temperature. As in the case for transmission, the one dimensional di￿raction
pattern is extracted from the two dimensional pattern at the position indicated by
the dashed line in (a) of Fig. 4.11. The di￿raction pattern for two di￿erent bendings
of a cantilever are shown in (b) and for two di￿erent tilt angles in (c). These initial
experimental results show the characteristics found earlier with the simulation (see
Sec. 2.4.3.2 on page 64) which make it possible to distinguish between bending and
tilting. The peak on the left of the di￿raction pattern in Fig. 4.11b will be referred
to as the reference peak in the following.CHAPTER 4. EXPERIMENTS 100
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Figure 4.11: E￿ects of bending and tilting on the di￿raction pattern from cantilever
and chip base in re￿ection mode. (a) Two dimensional pattern for one state of
bending. One dimensional pattern along the dashed line are shown for two di￿erent
states of bending in (b) and tilting in (c).
To further test the capability to distinguish between tilting and bending, the
following experiment was performed comprising three di￿erent phases. During the
￿rst phase the temperature was changed to induce bending only. In phase two the
cantilever chip was tilted using the goniometer and keeping temperature changes to
minimum. Finally, in the third phase the temperature was changed and the canti-
lever chip tilted at the same time. The de￿ection was measured with the re￿ective
di￿raction method the optical lever technique as an in-situ control. For the three
phases, the changes of tilt through the goniometer and changes of bending through
the Peltier element are shown in (a) of Fig. 4.12. The response measured with the
conventional optical beam de￿ection method is shown in (b). The width and posi-
tion of the di￿racted peak have been extracted from the di￿raction pattern and are
shown in (c).
The conversion factors to translate the width to a de￿ection of the free end in
units of nanometres and from the position to a tilting angle have been determined
via the simulation. To do this, the simulation was initialised with the exact geometry
of the experiment. By changing the de￿ection in the simulation and observing theCHAPTER 4. EXPERIMENTS 101
change in width of the di￿raction pattern a conversion constant could be calculated
which was then used in the analysis of the experiment.
Looking ￿rst at the optical de￿ection method shown in (b), it is apparent that
the bending and tilting can be measured if occurring individually. But in order to
determine the actual de￿ection the user needs to know a priori whether it is bending
or tilting since the de￿ection of the cantilever is calculated based on the rotation of
its free end. As mentioned above, the rotation of the free end is twice as big for the
bending when compared with tilting of the same de￿ection z. In phase 3, when
tilting and bending occur at the same time, it is impossible to distinguish between
them since the measurement takes place only at one point of the cantilever.
Examining the di￿raction pattern and extracting the width and position of the
di￿raction pattern yields the result shown in (c). The bending and tilting are deter-
mined correctly for phases 1 and 2 when both occur subsequently. But even when
they occur simultaneously they can still be uncoupled and are measured correctly.
It has to be noted that not only the relative bending but also the absolute can be
recovered from the width of the di￿raction pattern.
4.2.1 Re￿ective Di￿raction Measurement in Liquid
After showing that the re￿ective di￿raction technique could be used measuring in
air, the results shown here prove that it can also be used with liquid in the ￿ow cell.
Another objective of this experiment is to show that parallelisation is possible with
this readout.
After mounting a cantilever, the ￿ow cell was ￿lled with bu￿er solution. A power
supply was directly connected to the Peltier element and set to a ￿xed current of 60
mA which results in a temperature change of 1.3 degrees Celsius after 20 min. Using
the xyz-stage all 8 cantilevers were placed in the laser beam sequentially and their
de￿ections recorded. Again, bending was measured simultaneously with the optical
lever technique and the re￿ective di￿raction technique for direct comparison.CHAPTER 4. EXPERIMENTS 102
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Figure 4.12: Comparison of optical lever technique with di￿raction. Phase 1 shows
bending only, phase 2 tilting only, and in phase 3 the cantilever is tilted and bent
simultaneously. (a) shows the temperature and the angular position of the stage
recorded as solid and dashed lines, respectively. (b) shows the bending signal of the
cantilever measured with the optical beam de￿ection method, and (c) the bending
and the tilt of the stage could be recovered independently from di￿raction pattern
plotted in solid and dashed line, respectively.CHAPTER 4. EXPERIMENTS 103
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Figure 4.13: Results of testing the re￿ective di￿raction technique in liquid. Illumi-
nated is the cantilever and a part of the chip base. (a) Shown is a di￿raction pattern
taken before heating the chip (blue solid line) and after heating (green dashed line)
by 1.3 degrees Celsius. In order to enhance the visibility of the changes between the
two di￿raction pattern, their di￿erence is plotted in (b).
Two di￿raction patterns representing the states of one cantilever before and after
heating are shown in Fig. 4.13(a). If the cantilever bending increases, the di￿raction
pattern expands.
Fig. 4.14 shows the de￿ection measured simultaneously with the optical lever
technique (a) and the re￿ective di￿raction technique (b). Both measurements are in
good agreement.
These experiments con￿rm that parallelisation is possible with the new di￿ractive
re￿ection readout and that measurements in liquid can be performed with resolution
comparable to the optical lever technique.
4.2.2 Concluding Remarks on the Re￿ection Mode Measurements
In re￿ection mode the fact has been exploited that the width of the di￿raction peak
is directly related to the bending of the cantilever for the given geometry. It can beCHAPTER 4. EXPERIMENTS 104
0 100 200 300 400
-300
-200
-100
0
d
e
￿
e
c
t
i
o
n
 
[
n
m
]
sample #
0 100 200 300 400
-300
-200
-100
0
sample #
d
e
￿
e
c
t
i
o
n
 
[
n
m
]
a b Optical lever technique Re￿ective di￿raction technique
Figure 4.14: Changing the temperature by 1.3 degrees Celsius induced a bending of
the cantilever of  30213nm measured with the optical lever technique (a) and 289
9nm measured with the re￿ective di￿raction technique (b). The de￿ection stated is
the mean of the 8 cantilever de￿ections and the error is the standard deviation. The
deviation is below 5%.
said, that the more the degree of bending, the wider the di￿raction pattern. This
has been observed in both simulation and experiment.
In order to get a reference peak in the di￿raction peak which does not change
position under bending but only under tilting, it is important that enough light is
re￿ected from the chip base. Otherwise, the interference of the light coming from the
bent cantilever will change the position of the reference peak. Using the simulation it
has been found that a good reference for bending is achieved if the illuminated length
of the chip base corresponds to the length of the cantilever. The IBM cantilever
chips also exhibit a height di￿erence between the chip base and the cantilever of
5 m (Fig. 3.8 on page 80) which also helps to separate the reference peak from the
rest of the di￿raction pattern.
It should also be mentioned here that the cantilevers used in the experiments
which are shown in this thesis were all bent initially from the fundamental asymmetry
of the cantilevers coated on only one side. It increases when the cantilevers are
functionalised with biomolecules. It has been observed that the bending can be
either tensile or compressive, depending on the precise sample preparation conditions.
Usually the initial de￿ection of the free end of the cantilever after evaporation is in
the range of  5m  z  5m. This initial bending helps to separate the reference
peak from the peak resulting from the cantilever.CHAPTER 4. EXPERIMENTS 105
The other extreme which will cause problems occurs when the cantilevers are bent
too much initially. If the bending exceeds 10m the recording di￿raction pattern
will become too wide, and the peak intensity reduces making it challenging either
to capture the entire di￿raction peak with the CCD or distinguish the di￿raction
peak from the noise. Using a converging lens will avoid the broad di￿raction pattern
being clipped by the ￿nite size of the CCD chip but also reduces the resolution of
the bending measurement. Alternatively, reducing the distance of the CCD to the
cantilever can solve the problem too.5
Application - Detecting an Antibiotic
The aim of my research is to ￿nd a readout system which can take the successful
cantilever biosensors out of university laboratories into pharmaceutical companies
and hospitals. In the last chapter it was found that the re￿ective di￿raction technique
works in air and in liquid. This chapter presents a study of drug-target interaction
involving the antibiotic vancomycin.
The last decades have witnessed a drastic decrease in the rate of discovery of
new antibiotics [123]. At the same time it can be observed that through mutations,
some of the bacteria become resistant to existing antibiotics. The most prominent
examples, posing real challenges for hospitals, are the methicillin-resistant Staphylo-
coccus aureus (MRSA) [111] and the vancomycin resistant Enterococci (VRE) [124].
Causes for the stagnation in the discovery of new potent antibiotics are manifold.
They range from a lack of clearly de￿ned standards by the Food and Drug Adminis-
tration (FDA) [125] to absence of ￿nancial incentives for pharmaceutical companies
[126]. But one of the main problems is the lack in chemical diversity of drug libra-
ries combined with lack of physical tools to study antibiotics, particularly on the
outer cell wall surface of bacteria - a major target for drug discovery because it is a
conserved feature of bacteria and not present in humans.
Using cantilever based biosensors our group has shown that the binding interac-
tion of the antibiotic vancomycin with the glycopeptide dAla can be quanti￿ed [12].
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Experiments are repeated here to ￿nd out whether the new re￿ective di￿raction
readout can be applied to a clinically relevant problem.
Vancomycin is the most potent antibiotic on the market against Gram-positive
bacteria [112]. It works by inhibiting the formation of the bacterial cell wall [111,
112, 127], leading the cell to undergo lysis.
It has been proposed and observed that the bending of the cantilever induced by
the interaction of vancomycin with dAla on the cantilever surface can be explained
by a chemical and a geometrical factor [12]. The chemical factor describes the local
interaction of vancomycin with the cell wall target immobilised on the cantilever and
the geometrical factor describes the interaction between the occupied binding sites.
If all occupied binding sites are isolated from each other, no bending occurs. As soon
as the connectivity of the occupied binding sites increases, a network of interactions
is formed (percolation) [128] and the cantilever bends.
It is speculated that nanomechanical percolation may play an important role not
only in sensor response but also in the glycopeptide antibiotic mode of action in real
bacteria [12].
In the experiments shown here vancomycin passes through the ￿ow cell and binds
to the glycopeptides which are immobilised on the cantilever surface. Static mode
measurements of the cantilever bending allows to study the in-plane forces that are
generated when vancomycin binds to dAla and this in turn helps to understand the
nanomechanical in￿uence of the antibiotic on the bacterial cell wall. Vancomycin
shows a strong cooperative binding to dAla via ￿ve hydrogen bonds as depicted in
Fig. 5.1. PEG is known to passivate the surface (see Sec. 3.4) and therefore it was
used as the coating for the reference cantilever.
Two di￿erent illumination conditions have been introduced in Sec. 2.4.3 on page 63.
In the ￿rst case entire cantilever is illuminated and in the second case the entire can-
tilever plus a part of the chip base is illuminated. Before showing the results for both
cases it will be shown how the cantilever bending is calculated.CHAPTER 5. APPLICATION - DETECTING AN ANTIBIOTIC 108
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Figure 5.2: A typical de￿ection signal from a vancomycin experiment. The initial
bu￿er injection is followed by 250 M of vancomycin. Binding of the vancomycin
molecules to the dAla coating on the cantilever takes place and bending is induced
as a consequence. After saturation bu￿er is injected again and, in this case, washes
o￿ a fraction of the bound vancomycin.
Determining the De￿ection z
A typical de￿ection signal for a reaction of 250 M vancomycin with dAla immobili-
sed on a cantilever is shown in Fig. 5.2. After bu￿er has been injected into the ￿ow
cell, 250 M vancomycin is ￿owed in, which leads to a de￿ection of the cantilever.
Once the signal is saturated, bu￿er is ￿owed into the cell again.
Moyu Watari, a former member of our group, developed software to speed up
analysis of de￿ection data and allow for better comparison between di￿erent mea-
surements [45]. The method is depicted in Fig. 5.2. A straight line (L1) is ￿tted
to a region of the initial bu￿er injection before the vancomycin is injected. Another
straight line (L2) is ￿tted to the saturated part of the signal and ￿nally the switching
point (SP) is de￿ned. The de￿ection z is now determined by calculating the ver-
tical distance between the ￿tted straight lines L1 and L2 at SP. This is the absolute
de￿ection. In the case that more than one cantilever is read out, the mean of the
de￿ections is calculated and the standard deviation is used as the error.
Environmental in￿uences like temperature changes will distort the de￿ection mea-
surements or cause drift in the de￿ection signal. Therefore using a reference cantilever
provides a baseline for the results. To take into account the environmental e￿ects,
the de￿ection of the reference cantilever is determined. Subtracting the de￿ection
of the reference cantilever from the measuring cantilever yields the di￿erential de-CHAPTER 5. APPLICATION - DETECTING AN ANTIBIOTIC 110
￿ection signal. Thus, if the environmental changes in￿uences the measurement and
reference cantilever to the same extent, its in￿uence is cancelled in the di￿erential
signal.
However previous work in our group has shown that small temperature changes
can in￿uence the bending of the cantilevers, for example di￿erences in chain length or
end group of a simple SAM [45, 46]. In principle the best reference coating should be
a chiral enantiomer ￿ that is a molecule which has the same physical groups, density,
solubility etc but these groups are spatially arranged in left and right handed forms
which leads to highly speci￿c interactions with chiral receptors. Unfortunately lAla
chiral reference coatings were unavailable for these experiments but previous work
by Ndieyira et al. in our group had found no substantive di￿erence in the thermal
expansion of dAla and PEG reference coatings [12, 70].
The de￿ection signal as shown in Fig. 5.2 originates from a measurement with
the optical lever de￿ection. If the di￿raction technique is used, the de￿ection signal
has to be obtained from analysing the changes in the di￿raction pattern.
5.1 Illumination of the Cantilever without the Chip Base
The measurement was performed by illuminating the cantilever only and not the
chip base. This test experiment presented here was made with a chip whose initial
cantilever bending was high ( 20m). Therefore a lens had to be used in order to
capture the di￿raction pattern.
The di￿raction pattern for PEG and dAla are shown in Fig. 5.3. In (a) and (c)
almost no change is visible for the PEG coated cantilever when 250 M vancomycin
is injected into the cell, whereas in (b) and (d) a change in the di￿raction pattern is
observed for the dAla coated cantilever.
The conversion constant to translate the shift into a bending in nanometres could
not be determined with the simulation since the exact illumination condition of
the cantilever was not recorded and a lens was used in the re￿ected laser beam.
Instead the data from the di￿raction measurements were scaled to ￿t the opticalCHAPTER 5. APPLICATION - DETECTING AN ANTIBIOTIC 111
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Figure 5.3: Re￿ective di￿raction pattern for (a) PEG and (b) dAla coated cantilever
while bu￿er is running (blue solid line) and after the injection of 250 M vancomycin
(green dashed line). (c) and (d) show the di￿erence of the di￿raction plots from (a)
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sured simultaneously with the optical lever technique and the re￿ective di￿raction
technique.
lever de￿ection measurement. The scaling factor s was determined by minimising
the sum of the squared di￿erences f (s) of the two dAla measurements:
@f
@s
= 0
with f (s) =
samplemax X
i=1

zol,i   s  z
dr,i
2
zol,i and z
dr,i is the de￿ection at sample i measured with the optical lever tech-
nique and the di￿ractive re￿ection technique, respectively. sample max is the number
of samples measured and s the scaling factor. The shift of the peak on the right
side of the di￿raction pattern (see Fig. 5.3(a)&(b)) was used as a measure for the
bending. A shift of one pixel corresponds to a bending of z = 57:6nm. The Matlab
routine shown in Appendix B.3 on page 159 was used to perform the calculation.
Using another numerical calculation (see Sec. 2.5 on page 65) it could be con￿rmed
that the magnitude of the scaling factor is in a reasonable range. The measurement
results are plotted in Fig. 5.4 showing good agreement of both techniques.CHAPTER 5. APPLICATION - DETECTING AN ANTIBIOTIC 113
Kd Measurement
The objective of these measurements is to measure the binding constants for a mo-
del drug-target system with the classic optical readout and di￿ractive readout and
compare the results to surface plasmon resonance results.
Kd is the equilibrium dissociation constant which is de￿ned as the ratio of the
o￿-rate kd and the on-rates kon of a reaction [129]:
Kd =
koff
kon
It is used here as a measure for the binding a￿nity of vancomycin to the dAla peptide
on the cantilever surface. In order to determine the Kd, the di￿erential de￿ection
(z (dAla) z (PEG)) for the following vancomycin concentrations was determined:
0.05, 1, 3, 5, 10, 50, 100, 250, 500 M. Evaluated were three dAla and two PEG
coated cantilevers on one chip. The di￿erential de￿ections measured are listed in
Table 5.1.
concentration [M] optical de￿ection method
de￿ection [nm]
re￿ective di￿raction
method
de￿ection [nm]
0.05 275 378
1 7616 529
3 8710 9113
5 9014 887
10 10418 7112
50 12517 10811
100 13321 12614
250 14820 14825
500 13213 919
Table 5.1: Comparison of cantilever de￿ection measured for di￿erent vancomycin
concentrations with the optical de￿ection method and the re￿ective di￿raction me-
thod. The de￿ection stated is the mean of the di￿erential de￿ection and the error is
the standard deviation.CHAPTER 5. APPLICATION - DETECTING AN ANTIBIOTIC 114
The Kd can be determined by ￿tting the Langmuir adsorption isotherm to the
de￿ection data for di￿erent concentrations (adapted from [12]):
z ([Van]) =
a  [Van]
Kd + [Van]
with a being the maximum de￿ection, [Van] the vancomycin concentration and
z ([Van]) the de￿ection of the cantilever for [Van] at saturation. The data and
￿tted curves are shown in Fig. 5.5 which yield a = 1317nm and Kd = 1:20:4M
for the optical lever readout and a = 113  12nm and Kd = 1:2  0:8M for
the re￿ective di￿raction readout. Although the a values are about half of the ex-
pected value, they agree fairly well with each other. Both Kd values agree quite
well with each other and with previously published values measured on cantilevers
(Kd = 1:0  0:3M; ref. [12]) and with surface plasmon resonance measurements
(Kd = 1:1  0:1M; ref. [130]).
Interestingly Fig. 5.5 shows a slight fall for the concentration of 500 M. This
is most probably because of ine￿cient HCl regeneration of the active dAla coated
cantilever at high vancomycin concentrations. However intriguingly this was not
observed in the classic re￿ection data. Future work should try to investigate this
e￿ect further.CHAPTER 5. APPLICATION - DETECTING AN ANTIBIOTIC 115
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Figure 5.5: Fit of Langmuir adsorption isotherm to de￿ection data. (a) The ￿t for the
optical de￿ection method yielded a = 1317nm and Kd = 1:20:4M. (b) The ￿t
for the re￿ective di￿raction method yielded a = 11312nm and Kd = 1:20:8M.CHAPTER 5. APPLICATION - DETECTING AN ANTIBIOTIC 116
5.2 Illumination of the Cantilever and Chip Base
If the cantilever and additionally a part of the chip base is illuminated, the expansion
or contraction of the di￿raction pattern that is measured in re￿ection can be analysed
to obtain the de￿ection signal as described in chapter 2. This kind of illumination
has the advantage that a reference signal can be seen in the di￿raction pattern itself,
which makes the entire readout more robust.
A preliminary experimental result for bending induced by vancomycin is shown
in Fig. 5.6. When the cantilever bends, the whole di￿raction pattern expands but
the reference peak does not move. From the width of the di￿raction pattern under
bu￿er ￿ow (blue solid line) one can estimate the initial cantilever bending using the
simulation to be   4m. Once 1 M vancomycin is ￿owed over the cantilever and
the signal has saturated the di￿raction pattern is expanded (green dotted line).
The simulation is used to determine the conversion factor that translates the
expansion of the di￿raction pattern into de￿ection of the free end of the cantilever
in units of nanometres. Thus, an expansion of 1 pixel of the di￿raction pattern
corresponds to 8.9 nm de￿ection of the free end of the cantilever.
The result of the analysis is shown in Fig. 5.7 and shows good agreement for the
di￿erential de￿ection (c).
Summary of Vancomycin Measurements
Presented in this chapter are di￿erent ￿proof of concept￿ experiments performed with
cantilevers coated with PEG and dAla. The ￿rst part shows results for experiments
with the entire cantilever being illuminated by a laser. The initial bending of the
cantilevers was very high. Nonetheless, the de￿ection of the cantilever could still
be recorded by using a lens to capture the di￿raction pattern. The proportionality
constant in this case had to be obtained using the optical lever technique. The second
part shows the results from the experiments where not only the entire cantilever is
illuminated but additionally a part of the chip base. Using the conversion constant
obtained with the simulation to convert the expansion of the di￿raction patternCHAPTER 5. APPLICATION - DETECTING AN ANTIBIOTIC 117
into bending in units of nanometre reveals good agreement between the re￿ective
di￿raction technique and the optical lever technique.
The measurements with vancomycin show that the re￿ective di￿raction method
can be used to determine the bending of the cantilever for clinically relevant measure-
ments, such as quantifying drug-target interactions to tackle drug-resistant infectious
diseases.
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Figure 5.6: (a) Re￿ective di￿raction pattern for two di￿erent de￿ections of the can-
tilever. The width of the di￿raction pattern corresponds to the bending of the
cantilever. It increases with growing de￿ection. The solid line shows the di￿raction
pattern when bu￿er is ￿owing. The dashed line shows the pattern when 1 M van-
comycin is ￿owing through the measuring cell and has bound to the cantilever. The
binding of vancomycin increases the bending. (b) shows the di￿erence between of
the di￿raction pattern shown in (a) to enhance the visibility of the changes.CHAPTER 5. APPLICATION - DETECTING AN ANTIBIOTIC 118
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Figure 5.7: Comparison of de￿ection measurements with the optical de￿ection tech-
nique (a) and the re￿ective di￿raction technique (b) showing the absolute bending
signal in. The di￿erential signal (DAla-PEG) is shown in (c) and shows good agree-
ment of both measurements.6
Conclusion & Outlook
This thesis presents a di￿ractive readout method for cantilever-based biosensors.
It can be operated in transmission and re￿ection mode, in air and in liquid. It was
discovered using the simulation presented in chapter 2 and then tested by performing
experiments with the newly designed and built experimental setup introduced in
chapter 3.
In all experiments the de￿ection of the cantilever was measured simultaneously
with the conventional optical lever technique as a control and a means of having a
direct comparison with a long established readout system. Comparing the changes
of the di￿raction pattern acquired in transmission and re￿ection mode, showed that
for the latter, not only the resolution is higher, but also the readout of the bending
is una￿ected by a potential tilting of the cantilever chip if the illuminated region
contains the entire chip and a part of the chip base. Therefore, the re￿ection mode
of the di￿ractive technique should be considered as the readout of choice and should
be the focus of further development e￿orts.
The resolution of the re￿ective di￿raction technique is comparable with the op-
tical lever technique. The alignment for the latter is time consuming and also a
source of error for quantitative measurements since the exact position where the
focused laser spot hits the cantilever has to be known in order to obtain a correct
conversion from the angular rotation measured to the actual de￿ection in units of
nanometre at the free end of the cantilever [131, 132]. Since the spot of the laser
119CHAPTER 6. CONCLUSION & OUTLOOK 120
resolution
(1 nm)
distinguish
tilt./bend.
alignment
miniaturi-
sation
paralleli-
sation
di￿ractive optical
readout in
re￿ection mode
+ + + TBC +
Table 6.1: Benchmark for the new di￿ractive optical readout. + / - denotes whether
the requirement is fully met/not met. Miniaturisation has not been experimental
shown yet and needs to be con￿rmed (TBC) with future experiments.
beam for the di￿ractive technique is larger than the cantilever, alignment becomes
very easy. It is not necessary to know the exact position of the cantilever in the
laser beam. It has only to be ensured that the entire cantilever and a part of the
chip base re￿ect the laser. This means, that the alignment procedure is almost su-
per￿uous and therefore saves 30-120 mins per measurement which have to be spend
for the optical lever technique. Coming back to the six properties mentioned in the
beginning the performance of the optical di￿ractive readout is shown in table 6.1. It
is assumed that miniaturisation is not an obstacle to the di￿ractive readout since it
relies on di￿raction which becomes more pronounced for smaller objects. Results of
the simulation also support the assumptions (see Fig. 6.1c&d). Since alignment with
this readout is straightforward, parallelisation for even more than eight cantilevers
should not be too di￿cult to be obtained either. Assuming that miniaturisation and
parallelisation is possible without problems, the di￿ractive readout developed and
presented in this thesis is another step towards the translation of cantilever based
biosensors technique from laboratories into industry and hospitals.
The future work mentioned in the next chapter should concentrate on optimi-
sing the re￿ection mode which o￿ers several advantages when compared with the
transmission mode, as mentioned above.
6.1 Future Work
After reviewing the experiments and results presented in this thesis it becomes ob-
vious that optimisation is the next necessary task. Optimisation has to be performedCHAPTER 6. CONCLUSION & OUTLOOK 121
in several areas, ranging from the experimental setup and the ￿ow cell to the optical
readout and the analysis of the di￿raction pattern.
6.1.1 The Experimental Setup
The experimental setup is very versatile and useful for testing all di￿erent kinds of
optical con￿gurations. (More optical con￿gurations can be found in the patent ￿led
[15] which is also reprinted in Appendix A.)
One drawback with the current setup is that the ￿ow cell is mounted 25 cm
above the optical table requiring all optical equipment to be mounted on high posts
which amplify vibrations. For further optimisation a dedicated experimental proto-
type has to be built.
The next step should be to miniaturise the experimental setup and incorporate
all components, the chip, laser and CCD, into one frame for higher stability.
6.1.2 The Flow Cell
The ￿ow cell used was designed with a front and a back window allowing for trans-
mission measurements (see items 4 and 7 in drawing on page 170). Since the ￿ndings
point towards the re￿ection method, a back window is not needed anymore.
Also, the volume of the current ￿ow cell is fairly large ( 200l). This means
that a lot of reagent is needed. In order to reduce cost and save reagents the volume
of the ￿uid cell can be reduced to about 10l by having only the cantilevers and a
part of the chip base protruding into the measuring chamber.
6.1.3 Laser and Optical Readout
The current setup uses an xyz-stage to move the cantilevers into the light beam
for the measurements. This can introduce disturbances in the liquid which can be
avoided by changing the illumination of the cantilever in a way that no movement
of the ￿ow cell is needed anymore.CHAPTER 6. CONCLUSION & OUTLOOK 122
An idea which has to be tested is, to expand the illuminating laser beam so
that it covers all cantilevers and the parts of the chip base too. This of course will
result in a complex interference of all cantilevers which, in the absence of suitable
software, might make it di￿cult to extract the bending of individual cantilevers.
The signi￿cant advantage of course is, that the di￿erence between the reference and
measuring cantilevers can be determined from a single CCD image. Until a method
is found to do this, a cylindrical lens could be used which only in￿uences the light in
the dimension perpendicular to the long axis of the cantilever. This would separate
the individual di￿raction pattern. The advantage over the previous method where
the cantilever chip is moved is that the bending of all eight cantilevers can now be
read out simultaneously instead of sequentially.
6.1.4 The Cantilever Chip
To facilitate consistent use of the proposed readout method it is advantageous to use
a mask while evaporating the gold onto the cantilever chip to de￿ne the re￿ective
area on the chip body precisely. This would enable a better comparison between
results from di￿erent chips. Another improvement would be to etch a well de￿ned
di￿raction grating into the chip body. When the cantilever and the chip body are
illuminated, the di￿raction grating will create an optical ruler which can be used,
￿rstly, to determine the distance between chip and the recording CCD and, secondly,
to measure the width of the di￿raction peak more accurately. The intensity of the
di￿raction from the grating has to be tuned in a way that it does not shadow the
di￿raction generated by the bending cantilever.
6.2 Holographic Approach to the Di￿raction Pattern
It is already mentioned in Sec. 2.6 on page 68 that the re￿ective di￿raction mea-
surement could be regarded as a holographic technique. The re￿ection from the
chip base corresponds to the reference beam with the ￿eld ER and the re￿ection
from the cantilever corresponds to the object beam with the ￿eld EO. Both beamsCHAPTER 6. CONCLUSION & OUTLOOK 123
will interfere at the position of the CCD, resulting in an interference pattern. The
CCD does not record the phase of the wave but the time-average intensity of the
superposition of both beams. The intensity distribution at the CCD can be split
into three components [94]. The ￿rst two are the intensities for reference and object
beam separately which are proportional to E2
R and E2
O, respectively and the third
represents the interference between both beams and is proportional to ER  EO. In
the following it is referred to as the mixed term.
Fig. 6.1(a) and (b) show simulation results for the intensity of individual parts
of the re￿ected beam. The length of the cantilever and the illuminated array is
500 m each and the bending simulated is z =  1m in terms of de￿ection of
the free end of the cantilever. The individual parts of the re￿ected beam shown in
(a) can be recognised in the intensity pattern for the entire re￿ected beam in (c).
This suggests that the mixed term plays a minor role when compared to E2
O and
E2
R. Comparing the dimensions of the illuminated area of 1 mm to the distance of
the CCD of 100 mm which was used in experiments and the simulation here it can
be concluded that the measurements were performed in the optical near-￿eld. For
these dimensions the far-￿eld starts at 1.6 m.
Changing the dimension of the cantilever or the chip base in the simulation will
have an e￿ect on the in￿uence of each one of the three components. Fig. 6.1(c) and
(d) show the simulation for a cantilever and illuminated ￿at region of the chip, both
of length 50 m. In this case the CCD is very close to the Fraunhofer region and
the overall intensity pattern of cantilever is governed by the mixed term.
Both simulations were made for a symmetrical illumination of cantilever and
chip base. Miniaturising the dimensions of the cantilever, changes the in￿uence from
the terms for the individual beams and the mixed term. By using asymmetrical
illumination conditions the relative contributions of the reference beam ER and the
object beam EO could be shifted too.
These simulations show how the di￿erent terms in￿uence the overall resulting
intensity pattern and how individual terms can be pronounced. New ways can beCHAPTER 6. CONCLUSION & OUTLOOK 124
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Figure 6.1: Simulation of di￿erent parts of the re￿ected beam for two di￿erent cases.
The cantilever and the illuminated part of the chip base for the simulated patterns
in (a) and (b) have a length of 500 m each. The cantilever de￿ection is -1 m.
(a) shows the intensity pattern of the re￿ected intensities for individual parts of the
cantilever and (b) shows the overall intensity pattern for the beam re￿ected from
chip base and cantilever. The cantilever and the illuminated part of the chip base
for the simulated patterns in (c) and (d) have a length of 50 m each. The cantilever
de￿ection is -100 nm. (c) shows the intensity pattern of the re￿ected intensities for
individual parts of the cantilever and (d) shows the overall intensity pattern for the
beam re￿ected from chip base and cantilever.
The cantilever is 500 m long chip look for chip with a 50 m long cantilever that
contribute to the overall intensity pattern.CHAPTER 6. CONCLUSION & OUTLOOK 125
developed to read out the de￿ection of cantilevers which are too small to be measured
by the conventional optical beam de￿ection technique. Choosing the right dimensions
to maximise the in￿uence of the mixed term EREO could make it easier to solve the
inverse scattering problem to directly calculate not only the bending but the whole
bending pro￿le.
6.3 Vision
The di￿ractive readout can be used to determine the bending of small cantilevers
which cannot be read out with the conventional optical lever technique anymore,
which relies on the precise illumination of a small spot exactly at the free end of the
cantilever. This opens up new possibilities in shrinking down the measuring device
and using cantilever based biosensors in handheld point-of-care devices (see Fig. 6.2).
Also, the re￿ective di￿raction technique and the included improvements presen-
ted here would enable a radical departure from the approach with cantilevers being
attached to a chip base. Having an independent measure of the tilt in the di￿rac-
tion pattern, one should be able to measure the strains of free ￿oating cantilevers,
detached from the chip base. The idea is to fabricate a rectangular board (shown
in Fig. 6.3) which is free to ￿ow in a liquid channel or tubing. The middle part is
thicker than the two ends which act as cantilevers. A di￿raction grating engraved in
the middle part could act as an optical ruler as mentioned in the last chapter and
be used as a di￿racting bar code [133] to identify individual chips.
If proven reliable, the new di￿ractive readout combined with these cantilevers
which could be further miniaturised and ￿ow through micro￿uidic channels, has the
potential to generate a new class of biosensors based on the cantilever principle.
Scaling up the numbers would be accomplished by adding more cantilevers into the
channels. One readout could determine the bending of all the cantilevers ￿owing
past it, like a till at the supermarket checkout.CHAPTER 6. CONCLUSION & OUTLOOK 126
Figure 6.2: A point of care device based on rigidly mounted microcantilever array
biosensor and a two-dimensional readout.
cantilever
di￿raction grating
Figure 6.3: Second generation of cantilever based biosensors. Such chips can be freely
suspended in solutions passing via micro￿uidic channels through optical readers.Appendix
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Matlab Codes
B.1 Ray Tracing the Re￿ected Beam
For all experiments I used the conventional beam de￿ection method as a built in
control to benchmark all the di￿erent di￿raction approaches. Since a lens was placed
between the cantilever and the CCD in the beam which was re￿ected from the
cantilever surface I wrote a ray tracing procedure to calculate the calibration constant
which relates the de￿ection measured in pixel to a de￿ection z of the free end of the
cantilever in units of meter. The ray tracing approach uses Snell’s law to calculate
the refraction at all surface between the cantilever to the CCD. This is described in
chapter 6.2 of the textbook ￿Optics￿ by Eugene Hecht [94].
1 %%%%%%%%%%%% BEGIN %%%%%%%%%%%%
2 function output=raytrace_reflection_optics(bending,show_ray)
3
4 %constant apply to lens order no LB1471-A (Thorlabs Ltd/UK)
5 thickness_lens=5.3e-3;
6 focal_length=50.2e-3;
7 BK7=1.51509; %for 632.8nm
8
9 %distance between cantilever and lens
10 dist_canti_lens=50.0e-3;
11
12 %distance between lens and CCD
13 dist_lens_CCD=135e-3;
14
15 pixel_size_CCD=4.65e-6;
16
17 refrac_index_lens=BK7;
18 refrac_index_air=1;
19
20 delta_z=bending;
21
22 alpha_i1=delta_z*4/500e-6;
23 D1=(refrac_index_lens-refrac_index_air)./focal_length;
24 y1=alpha_i1*dist_canti_lens;
25 alpha_t1=(refrac_index_air*alpha_i1-D1*y1)/refrac_index_lens;
26 y2=y1+alpha_t1*thickness_lens;
27 alpha_i2=-alpha_t1;
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28 D2=(refrac_index_air-refrac_index_lens)./(focal_length);
29 alpha_t2=(refrac_index_lens*alpha_i2-D2*y2)/refrac_index_air;
30 y3=y2-alpha_t2*dist_lens_CCD;
31
32 if show_ray==true %then show raytrace in figure
33 plot([0 dist_canti_lens dist_canti_lens+thickness_lens
34 dist_canti_lens+thickness_lens+dist_lens_CCD],[0 y1 y2 y3])
;
35 end
36
37 output(1,:)={’bending in pixel’ ’m per pixel’};
38 output(2,:)={num2str(y3/pixel_size_CCD) ..
39 .. num2str(bending/(y3/pixel_size_CCD))};
40 %%%%%%%%%%%% END %%%%%%%%%%%%
B.2 Extract the Shift of Peaks
This function allows to track the shift of peaks between two di￿raction pattern
by calculating the least square di￿erence and ￿tting a parabola to the area of the
minimum to achieve sub-pixel accuracy.
1 %%%%%%%%%%%% BEGIN %%%%%%%%%%%%
2 function [pattern_new shift] = unshift(pattern_orig, pos,
hwidth)
3
4 res = 1e-2;
5
6 % this factor determines how much bigger the part is with which
the
7 % template is compared
8 buffer_factor = 1.3;
9
10 % determine the nr of diffraction pattern
11 sample_nr = size(pattern_orig,1);
12
13 % initialise the array which stores the shift of each pattern
14 shift(1:sample_nr) = 0;
15
16 % init pattern
17 reg_template = (pos-hwidth):1:(pos+hwidth);
18 reg_template_interp = (pos-hwidth):res:(pos+hwidth);
19 pattern_template = interp1(reg_template,pattern_orig(1,
reg_template),reg_template_interp);
20
21 for k=1:sample_nr
22
23 % this is the size of buffer pattern
24 reg_buffer = (pos-round(hwidth*buffer_factor)):1:(pos+round
(hwidth*buffer_factor));
25 reg_buffer_interp = (pos-round(hwidth*buffer_factor)):res:(
pos+round(hwidth*buffer_factor));
26
27 % variable holds the difference between difference
28 temp_diff(1:(2*round(hwidth*(buffer_factor-1))))=0;
29
30 % create interpolated pattern for comparisonAPPENDIX B. MATLAB CODES 158
31 pattern_buffer = interp1(reg_buffer,pattern_orig(k,
reg_buffer),reg_buffer_interp);
32
33 % slide template over buffer and record the difference for
each
34 % position
35 for j=1:(2*round(hwidth/res*(buffer_factor-1)))
36 temp_diff(j)=sum(sqrt( (pattern_buffer(j+(0:round(
hwidth/res*2)))-pattern_template).^2 ));
37
38 end
39
40 [x y]=min(temp_diff);
41
42 shift(k)=(y-1 - round(hwidth*(buffer_factor-1))/res);
43 pos = pos + round(shift(k)*res);
44
45 if k>1
46 shift(k)=shift(k-1)+shift(k);
47 end
48
49 % the template
50 reg_template = (pos-hwidth):1:(pos+hwidth);
51 reg_template_interp = (pos-hwidth):res:(pos+hwidth);
52 pattern_template = interp1(reg_template,pattern_orig(k,
reg_template),reg_template_interp);
53
54 k
55 end
56
57 max_shift=max(abs(shift));
58
59 % length of pattern
60 pattern_length = size(pattern_orig,2);
61
62
63 for k=1:sample_nr
64
65 pattern_buffer=interp1(pattern_orig(k,:),1:res:(
pattern_length+1),’spline’);
66
67 pattern_new_interp(round((max_shift-shift(k)))+(1:((
pattern_length-1)/res)))=pattern_buffer(1:round((
pattern_length-1)/res));
68
69 pattern_new(k,:)=pattern_new_interp(1:100:((pattern_length
-1)/res));
70 end
71
72
73 end
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B.3 Analyse the Expansion and Shift of Peaks
The width of the di￿raction peak could be determined for the re￿ective di￿raction
technique by tracking the shift of both ends of the peak and calculate the width
by subtracting one from the other. Sometimes it is di￿cult to determine both ends
exactly and therefore the following code using a￿ne mapping was used to determine
the stretching of one di￿raction pattern in comparison to a reference.
1 %%%%%%%%%%%% BEGIN %%%%%%%%%%%%
2 function min_lq_error = affine_mapping(pattern_orig, pattern_2,
x_shift, x_scale, y_shift, y_scale)
3
4 interp_method=’linear’;
5
6 min_lq_error=[1e30 0 0 0 0];
7 if size(x_shift,2) > 1
8 x_shift_res=abs(x_shift(2)-x_shift(1));
9 else
10 x_shift_res=1;
11 end
12
13 %x shift
14 for c_xshift=1:size(x_shift,2)
15 %x scaling
16 for c_xscale=1:size(x_scale,2)
17 %y shift
18 for c_yshift=1:size(y_shift,2)
19 %y scaling
20 for c_yscale=1:size(y_scale,2)
21
22 %perform the y scaling and y shift
23 pattern_temp=pattern_orig*y_scale(c_yscale)+y_shift(
c_yshift);
24
25 %perform the x scaling - starting from 0 otherwise we
add a %shift to the stretching.
26 if x_scale(c_xscale) ~= 1
27 pattern_temp=interp1(pattern_temp,1:(1/x_scale(
c_xscale)):(size(pattern_temp,2))/x_scale(
c_xscale), interp_method);
28 pattern_temp=pattern_temp(~isnan(pattern_temp));
29 end
30
31 %interpolate to shift by sub pixel values
32 if x_shift(c_xshift) < 0
33 if x_shift_res ~= 0
34 pattern_temp=interp1(pattern_temp, 1:x_shift_res:
size(pattern_temp,2), interp_method);
35 end
36 pattern_orig_temp=pattern_temp( 1+round((abs(x_shift(
c_xshift)./x_shift_res))):round(1/x_shift_res):(
size(pattern_temp,2)));
37 if size(pattern_2,2)>size(pattern_orig_temp,2)
38 pattern_2_temp=pattern_2(1:size(pattern_orig_temp
,2));
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40 pattern_orig_temp=pattern_orig_temp(1:size(
pattern_2,2));
41 pattern_2_temp=pattern_2;
42 end
43 elseif x_shift(c_xshift) > 0
44 if x_shift_res ~= 0
45 pattern_2_t1=interp1(pattern_2,1:x_shift_res:size(
pattern_2,2), interp_method);
46 end
47 pattern_2_temp=pattern_2_t1(1+(round(abs(x_shift(
c_xshift)./x_shift_res))):round(1/x_shift_res):(
size(pattern_2_t1,2)));
48
49 if size(pattern_2_temp,2)>size(pattern_temp,2)
50 pattern_2_temp=pattern_2_temp(1:size(pattern_temp
,2));
51 pattern_orig_temp=pattern_temp;
52 else
53 pattern_orig_temp=pattern_temp(1:size(
pattern_2_temp,2));
54 end
55 else
56 if size(pattern_temp,2)>size(pattern_2,2)
57 pattern_2_temp=pattern_2;
58 pattern_orig_temp=pattern_temp(1:size(pattern_2,2))
;
59 else
60 pattern_2_temp=pattern_2(1:size(pattern_temp,2));
61 pattern_orig_temp=pattern_temp;
62 end
63 end
64 lq_error(c_xshift,c_xscale,c_yshift,c_yscale)=sum(((
pattern_2_temp-pattern_orig_temp).^2/size(
pattern_2_temp,2)));
65 if min_lq_error(1)> lq_error(c_xshift,c_xscale,c_yshift
,c_yscale)
66 min_lq_error(:)=[lq_error(c_xshift,c_xscale,c_yshift,
c_yscale) x_shift(c_xshift) x_scale(c_xscale)
y_shift(c_yshift) y_scale(c_yscale)];
67 end
68 end
69 end
70 end
71 end
72 %%%%%%%%%%%% END %%%%%%%%%%%%
B.4 Di￿ractive Readout with Lens
The Matlab code shown below numerically calculates a di￿raction pattern for the
following case: z1 = 52mm; z2 = 95mm, f = 50:2mm and a de￿ection of z =
 1m at the free end of the cantilever. The de￿nition of the variables and the
derivation of the calculation can be found in Sec. 2.5.
1 % Calculate the diffraction pattern and changes in it due to deformation
2 % of the cantilever, including of placing a converging lens in the beam
3 % between the cantilever and the CCDAPPENDIX B. MATLAB CODES 161
4 %
5 % (C) by Benjamin Dueck (2009)
6 % initialise parameters *********************************************
7
8 %sampling resolution for cantilever and lens
9 sampling_res=1e-7;
10
11 %cantilever - lens distance
12 z1=52e-3;
13 %lens - ccd distance
14 z2=95e-3;
15
16 %properties of laser
17 laser_lambda=632.8e-9;
18 laser_k=2*pi/laser_lambda;
19
20 %properties of cantilever
21 cantilever_base_length=500e-6;
22 cantilever_length=500e-6;
23 cantilever_base_height=5e-6;
24 cantilever_deflection=-10e-6;
25
26 %properties of lens
27 lens_f=50.2e-3;
28 lens_pupil=10e-3;
29 lens_coordinate=(0:sampling_res:lens_pupil)-lens_pupil/2;
30
31 %properties of CCD
32 CCD_pixelsize=6.54e-6;
33 CCD_pixels=500;
34 CCD_length=CCD_pixelsize*CCD_pixels;
35 CCD_coordinate=(0:CCD_pixelsize:CCD_length)-CCD_length/2;
36 %initalise CCD
37 CCD_image(1:CCD_pixels)=0;
38 image_plane(1:CCD_pixels)=0;
39
40 %generate field of a planewave just being reflected from the cantilever
and
41 %chipbase, the amplitude will be set to zero and the phase of the wave
42 %depends on the deformation of the cantilever
43 %the phase is set to zero at chip surface level
44 cantilever_field(1,1:round(cantilever_base_length/sampling_res))=(0:
sampling_res:(cantilever_base_length-sampling_res));
45 cantilever_field(2,1:round(cantilever_base_length/sampling_res))=1;
46 %cantilever length
47 cantilever_field(1,round(cantilever_base_length/sampling_res)+(1:round(
cantilever_length/sampling_res)))=(cantilever_base_length+(
sampling_res:sampling_res:cantilever_length));
48 cantilever_field(2,round(cantilever_base_length/sampling_res)+(1:round(
cantilever_length/sampling_res)))=exp(i*laser_k*2*(
cantilever_base_height+cantilever_deflection*((0:sampling_res:(
cantilever_length-sampling_res))/cantilever_length).^2));
49
50 for CCD_iter=1:CCD_pixels
51 tic
52 for cantilever_iter=1:size(cantilever_field,2)
53 for lens_iter=1:size(lens_coordinate,2)APPENDIX B. MATLAB CODES 162
54 buf_fac1=exp(i*laser_k/(2*z1)*cantilever_field(1,
cantilever_iter)^2);
55 buf_fac2=exp(i*laser_k/2*(1/z1+1/z2-1/lens_f)*lens_coordinate
(lens_iter).^2);
56 buf_fac3=exp(-i*laser_k*(cantilever_field(1,cantilever_iter)/
z1+CCD_coordinate(CCD_iter)/z2)*lens_coordinate(lens_iter)
);
57
58 image_plane(CCD_iter)=image_plane(CCD_iter)+buf_fac1*buf_fac2
*buf_fac3*cantilever_field(2,cantilever_iter);
59 end
60
61 end
62 toc
63 [CCD_iter cantilever_iter lens_iter]
64 CCD_image(CCD_iter)=image_plane(CCD_iter).*conj(image_plane(CCD_iter)
);
65 endC
Di￿erent Bending Pro￿les
Beam theory distinguishes between di￿erent loading models of cantilevers which
lead to di￿erent bending pro￿les [134]. The coordinate system used here is de￿ned
in Fig. 1.14a on page 40.
First, the uniform load model is used when the force F acting on a cantilever
is uniform over its length l along the x-axis, i.e. dF=dx=0. The de￿ection z as a
function of x is described by
z (x) / x4   4x3l + 6x2l2
Second, the point load model is used when a force acts only at the free end of the
cantilever which is described by
z (x) / x3   3lx2
Third, the applied moment model deals with cases where a bending moment is ap-
plied at the free end of the cantilever. Its bending is described by
z (x) / x2
As the equations reveal, all three cases lead to a di￿erent bending pro￿le as shown
in Fig. C.1.
When the cantilever bending is induced by temperature change or changes in
surface stress the cantilever exhibits a constant curvature. This has also been con￿r-
med experimentally previously by our group [45, 53]. The homogeneous bending is
also a necessary condition for Stoney’s equation (Eq. 1.1) to hold true.
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Figure C.1: Di￿erent cantilever bending pro￿les for the same de￿ection at the free
end of the cantilever.D
List of Parts and Supplier Details
Table D.1 lists the contact details of every company which supplied parts for the
experimental setup. The parts used are listed in Table D.2.
Supplier
no
Company name Address
1 Bio-Chem Fluidics 2 College Park
Coldhams Lane
Cambridge CB1 3HD
United Kingdom
www.biochem￿uidics.com
2 Carl Zeiss Ltd. PO Box 78
Welwyn Garden City
Herts AL7 1LU
United Kingdom
www.micro-shop.zeiss.com
3 Conrad Electronic UK Ltd PO Box 1318
Barking IG11 1ES
United Kingdom
www.conrad-uk.com
4 Edmund Optics Inc. Tudor House
Lysander Close
York YO30 4XB
United Kingdom
www.edmundoptics.com
5 Electron Dynamics Unit 11 Kingsbury House
Kingsbury Road, Bevios Valley
Southampton, SO14 0JT
United Kingdom
www.electrondynamics.co.uk
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Supplier
no
Company name Address
6 Hamamatsu Photonics UK Ltd 2 Howard Court, 10 Tewin Road
Welwyn Garden City
Hertfordshire AL7 1BW
United Kingdom
www.hamamatsu.co.uk
7 Hamilton Bonaduz AG P.O. Box 26
CH-7402 Bonaduz, GR
Switzerland
www.hamiltoncompany.com
8 Newport Ltd 4329 First Avenue
Newbury Business Park
London Road, Newbury
Berkshire RG14 2PZ
www.newport.com
9 Pico Technology James House, Marlborough
Road Colmworth Business Park
Eaton Socon, St Neots
Cambridgeshire PE19 8YP
United Kingdom
www.picotech.com
10 The Imaging Source Europe GmbH Sommerstrasse 36
28215 Bremen
Germany
www.theimagingsource.com
11 Thermo Electric Devices Unit 1
Draycott Business Centre
Draycott Gloucestershire GL56
9JY
United Kingdom
www.thermoelectricdevices.co.uk
12 Thorlabs Ltd 1 Saint Thomas PlaceEly
Cambridgeshire CB7 4EX
United Kingdom
www.thorlabs.com
13 WZW OPTIC AG Wegenstrasse 18
Postfach 42
CH-9436 Balgach
Switzerland
www.wzw.chAPPENDIX D. LIST OF PARTS AND SUPPLIER DETAILS 167
Supplier
no
Company name Address
14 Polymax LTD Polymax Ltd
Building 90, SEME
Budds Lane, Bordon
Hampshire GU35 0JE
United Kingdom
www.polymax.co.uk
Table D.1: List of Suppliers
No Description Supplier
no
Stock no. Price
Optical equipment
Spherical lens f=50 mm 12 LB1471-A ¿22.76
Spherical lens f=250 mm 12 LB1056-A ¿21.23
Cylindrical lens f=100 mm 4 LA1050-A ¿22.10
Microscope objective 2.5x/0.06 2 441010-9901-000
Neutral density ￿lters 4 FW1AND ¿205.10
Back window for cell 13 see drawing p.176 ¿150.00
Back window (AR coating) for
cell
13 n.A. ¿220.00
Front window (AR coating) 13 RS20X2-01 ¿54.00
Lasers, CCD and power
supplies
HeNe - Laser 12 HRR050 ¿511.00
Diode Laser 12 NT57-108 ¿245.00
Power Supply for diode Laser 3 PS2403-0
Hamamatsu CCD Camera 6 C4742-80-12AG ¿15,000
Firewire CCD Color Camera 10 DFK-31AF03 ¿590.00
Temperature Control
Peltier with Centre Hole 11 SH1.0-95-05L ¿22.25
Temperature Controller Module
TCM 10
5 TCM 10-MOD ¿320.00
Power Supply for Peltier and
Controller Module
5 PSUB 15V20A ¿95.00
Temperature Sensor for TCM 10 5 TCM-PT1000-2M ¿25.00
Temperature Logger Picotech 9 TC-08 USB ¿249.00APPENDIX D. LIST OF PARTS AND SUPPLIER DETAILS 168
No Description Supplier
no
Stock no. Price
Thermocouple for picotech
(k-Type)
9 SE027 ¿8.00
Fluidics
Hamilton Valve Controller -
MVP
7 77808
Distribution Valve (6 ports) 7 36760
Semi-Rigid PTFE tubing
(1/16 x 0.031 PTFE tubing -
20m)
1 008T16-080-20 ¿17.50
Tube connectors to ￿uid cell
(Omni-Lok Type S)
1 008FK16 ¿14.65
Manual 3-way valve 1 002422 ¿50.60
O-Rings 14 n.A.
Stage
Kinematic stage according to
quote QJBR1170
8 Quote ¿28,174.53
Table D.2: List of PartsE
Drawings
This chapter contains drawings for all parts of the ￿uid cell. These drawings can be
found as AutoCADﬁ￿les on the DVD accompanying this publication.
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Figure E.1: Assembly drawing of the ￿ow cellAPPENDIX E. DRAWINGS 171
Figure E.2: Body of the ￿ow CellAPPENDIX E. DRAWINGS 172
Figure E.3: Insulator to uncouple cell body and heat sinkAPPENDIX E. DRAWINGS 173
Figure E.4: Heat sink plateAPPENDIX E. DRAWINGS 174
Figure E.5: Large window clamp (front)APPENDIX E. DRAWINGS 175
Figure E.6: Small window clamp (back)APPENDIX E. DRAWINGS 176
Figure E.7: Small window (back)F
Contents of Accompanying DVD
The following ￿les can be found on the accompanying DVD:
Electronic version of the thesis in the directory Thesis/ (as a PDF ￿le)
Experimental results in the directory Experiments/ (raw data)
MATLAB simulation in the directory Simulation/
LabView code in the directory LabView_Software/
Purchase orders in the directory Purchase_Orders/ (PDF ￿les)
Drawings in the directory Drawings/ (as PDF and DWG ￿les)
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Glossary of terms
1D One-dimensional
2D Two-dimensional
3D Three-dimensional
AFM Atomic force microscope
CCD Charge-coupled device
CPU Central processing unit
dAla Lysine-D-Alanine-D-Alanine
DNA Deoxyribonucleic acid
ELISA Enzyme-linked immunosorbent assay
FDA Food and Drug Administration
FIB Focused ion beam
FOMk Figure of merit for sample number k
GF Gauge factor
HSA Human serum albumin
Kd Equilibrium dissociation constant, which is de￿ned as Kd = kd=ka with ka being
the association constant and kd the dissociation constant.
LOI Line of interest
MOSFET Metal-oxide-semiconductor ￿eld-e￿ect transistor
MRSA Methicillin-resistant staphylococcus aureus
PCR Polymerase chain reaction
PEG Triethylene glycol
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ppm Parts per million
PSD Photo sensitive detector
ROI Region of Interest
VOC Volatile organic component
VRE Vancomycin-resistant enterococcus
VSE Vancomycin-susceptible enterococcusIndex
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Grimaldi, 33
Helmholtz equation, 34
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Huygens’ principle, 33
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